
17 A-I4925 PERFORMANCE EVALVATION AT THE HARDWARE ARCHITCTURE
ADL49 EVEL AND THE OPERATI. AU CARNEGIE-MELLON UNI

FT PITSURGH PA DEPT 0F COMPUTER SCIENCE 
M V MARATHE

mNLSSFE Eh hhhEEC-07 FGhE2N
mhohhohmhEEEEE

mEohhohhEmhohI
EhohEohEEmhohE
EohEEmhEmhhEEE
mhohhohEohhEEI



____ 128 11125

1 ____ U. 11112

MICROCOPY RESOLUTION T L~ T HART



PERFORMANCE EVALUATION
AT THE

HARDWARE ARCHITECTURE LEVEL
AND THE

4OPERATING SYSTEM KERNEL DESIGN LEVEL

MADHAV V. MARATHE

"~-3V25 1983DEPARTMENT Oeu4'i of* H

COMPUTER SCIENCE

APPROVED FOR PUPM RFLEAe
ISIRIUuTioN ULiMI;,TED

C)a

0 Carnegie-Mellon University

83 11 25 042



PERFORMANCE EVALUATION
AT THE

HARDWARE ARCHITECTURE LEVEL
AND THE

OPERATING SYSTEM KERNEL DESIGN LEVEL

MADHAV V. MARATHE

Il
Aecess1on For..

Computer Science Department !DToC TO

Carnegie-Mellon University JUtfcatnon_
Pittsburgh, Pennsylvania 15213 u

December, 1977

Distibutio'/

AvailActility

This report reproduces a dissertation, titled as above, submitted to
Carnegie-Mellon University in partial fulfillment of the requirements
for the degree of Doctor of Philosophy.

This work was supported by the Advanced Research Projects Agency of the
Office of the Secretary of Defence( tontract F44620-73-C-0074) and is
monitored by the Air Force Office of Scientific Research. This document
has been approved for public release and sale; its distribution is
unlimited.



ABSTRACI

This t hr~is inve rtigaes (Ilhe 11c astilreriWnt and anril""J of ( 01le':C itriter !;7~erV1'.

Mt flit, lf-rk of hartdwm.)i ar rhit c~ctle and opni ut il sovci UrP dvy' Mm We<Vw te.~.(~dIiI r:

lrvye I provide the t';crt witl) a set of iish tionm the' madvn m'~ist ruc t ins and tMe

Opeil .ing n-y stm 1,rnrel fuicticiny Our vic wpoent s-. olay that of the de~igrners

at 'eptii';to ;tudy the usage of thWe abs.t ract ni.truclkt bCSty nmau( m thVi'~Ile

berha 'or ref actual rngr amm. <VJtatke the sami: approach for INh study of the effect,

of rnd~tIpr o essing at tWee levels. N

Fo, the harciware aichitct, the \'ariabilty it) the wmror ad has Aiw a'i bceen a

dif 1(illI design problem. It sco ms intuitively clear that differ'ent appli Aion aie;ls

scirinlifc, Iciriness, process control ) present different worl-Joadr. to a processor. 'li

impotto.nt qur-.t ions faced by the cdnr;i ,ne r in t his re.:Iv arin are the ptr.1Iil

are as Mr~lfennt at the lowest level of data structeirre nimiptelAt ic Lme Hwc iiMu Cuc

mnix le ?If Oar~e thecy sufficiently diffrent .to justify al !11)(CiAlized proc-.sor for

each aplicatlion area? fkow much peritformance improven-iot (an~ be obtaiiwtt b~y such '

speiaii'.e:I processors aacrss all the pmrm in a givent area? We apply statistical

expeiinient al des.ign technique-s to quantify the variance~ i) I he instruct ion mix duc to

thea various factors in order to answer these quicstions. Our rmulls indicate- that the

variance dure to different programs within an area in comparable to thea variance icrie .s[

ippii( ation area!; llhernet'e *This sihows that the dhif fc-nc es ac ros tthe applic ation

are as mre not fsignifir ant at thea in,'stiction mix lcvel. 11*-, if- a constcjiv-n c of the fart

thiat ihr mac hine.- intrur lionsr operatc on bis and mward; w-harrin' the c4per at ienn cii



it

liii'.0r l~' data ntriimtijrr*:. m.jC I as; veCIorH, pt!5 (Onir ol blnd U ritiru and i,

ditfit rit iat r bwlwc: rFrn thr apjpli(. at ion ar at..

11) the ( Ise of mutt ipliocess'rr, tlia study cif 1h7 c ent t ition for Zhav(ircd reSotuF cr!

minon-,, proc c sors in vory import ant. At the hirdw air 0rChiteC tuLrfe lev'c, the (ontcjilion

oc cur!; for the shared mcimory and shared dat a paths. Thin pioblem him beeni s ijdivcd

e arlie r by other'; ( [PdAAN'3),ItA1, [BAS(761) uimn~ analyt-ic at rciodeln. VA, haive

ait Iir-pted to mit:asivie Ili he meweiry contention for C.mrrp - the Car e iek A~on

I tiiic r 1si1v>; i Iininiprot.sor. Our studly war, hainpe red by I hc lack of hit: h

rr -. 0ioni em si 3ettos

I h., mc asuLitement of thea worload and its- variaition for thle nperatin- systIem kernel

dt' .ifl ti:v(et k, Ciltirt2dby V~ie fort thatf r~i~h olvrAt- 1,o;lil armcrl han itf,. own

sell of primitive func ions; and c onparinoms acrosns dif fc'rnt opt ratieg ; .emsf is riot

possiblc with our current understanding of operating syflc'm!. We have thcrefore

c-.ccid,_,d to c-fcr the Feneraf study of thin problemr. fHowcvcr, onc aspect of Plic

problemi that can be attacked is the prohiemn of software lockout in a niijliproce's.!-or

C 1)vi Mting tystecm

In order to rmaintain intr-gity in a multi;)roc ;sor syt em, crraiv -shared dlata

cl pjec t (sutch as the lint of runnable processe&s or the list of fre.e blocks of memmiy)

I-ve to be accer;sed by only one processor at a time "ii"rise to software tOCKOuL1.

t., 'tirn Iw Vo r more procc 55Car'; alt tmpt to acc-s~ the( ;ai)er .Jiared diata object at thia

s .ir timc, only one of themn can access it anti othrrs have to. wail. Tfhe ine7haninm

L'.Cd for suICh Mutual exclusion is called a lock. The timc lest by a procc ,sor whilc

ailing for a nhl-trvd objct to become five can l)Cconiir a tperforinimc c otliene1c k for

v iultiprocovc'ssorn. A hardware, ironitor was used to measi ire (he contention occ urit-, in



I l'dd, le Oer.11 '.';Ic i~foi, Cmrmp. The mc asir rIink !. I thd vwhill In I he,

Opvrating !,ysterIy, 4 i 00) intl r uc Iions are e>L'cutlod bet W( I'l 'tiCcc ciV.'c! Inclz, and

c' .ch loc k ud( cycc.tI ij fl ~r~ .. a O ut 100 irlst rtctioiis. ll ','r fA-i.aired d'Ita of Hyld(ra
i5 ou; ~an,7CCI inIto r* notpl-i !.e-pirate objcCts that vcrv h lie I~w ir' vw. lost (111if. to

.ontcntion for- tli'eoljr( I' To the best of our Allwlt vi'' i :pc int al

iiivc'tic. atiOn of f il. wp101)1cm was not possible. in t.w pdt. A Joiple ce ntr al '..vir 

qi Iur~n~ ~nWd~ lIC~lto mojrdl tilhe Inc kint- bchavior aind to prtudicit Ihr Ui, lo-.t

hine toci ontenltion. 'I lit. prudictions were validated algairI tHie act nal icasm in nyint!s andc

the '. aidal ed model wa; hen ut;vc to predict time lost due to (ontcnt ion in targcr

s Y!,I..e, . Our mcLd,, predicts that lime lost due to softw.are lot kent will not lbe

srgnifiront for Hydro rvcn whien the numb~er of proces.ors iii C.mmpi ir increasnd to 4S.

As: Othrr mull iprocc t ' C! opcrating systettis jfl. (ICsignfld, thc mclt dePVelopVu if) our

investiga ioncn hc :nse JI as a guide for the study of their s;oftware lockout pn oblem.

T*hr, fpace of pc, for -w, .jjnce parameters at various systeni levls ik; ex:amined alnd

ste th!s Of thle Iaricrofs measurement tool; areP discu.-sd With rmespect to the

parirtrfter!;. IN( Allin u -tify thie hardtware monitor or, the primar y roeairirmit tool at

thre ttvr'r. of hardw,,rp airch1CItectre and Operating~ system kernel design. B~ecause the

hardware monitor it a versatile tool applicable to other levels as well, we have

investigated Many o't ncr applications of our hardware nionitor, but to lesser depths. A

survcy of hardware *.el aigtchniques is also presented and supoestions arre made

regarding file design of -'uture mon),itors.



iv

A NOTE 014 TERMIN'C'.O(GY

Wit hav, u';ed t he tcrininology introduc c by Bell and 14,v,'ell rI3rLl.7 I] to clv!c ril:'e

c oripttcr M;truc I ies thiroughout t his dissertation. VA, list below the specifir tel-r tjf.OCI

along with their lileainmF:

ISP: 'the logi..ai pro(cws!,or defined by 0ts instruction setl, a,. oppo-rd to its

phyfsical implemnittation. The ISP of a procvessor includes, tSuch aspecti, a!;

1v.h tiu t ion form.As, revister s.t r(i CIL u, in'. Ir tcion. inter pt Mt lion

atgorit lin, adctrw~c. calculation, dta typeI)s nnd their- veprtsentation.

I'KS: Thin is the Proces;sor, Me~mory and Switch notation developvcd by OPll and

Newell for dr!scribin- computer structures.

I.mon: This irs the PMS namec of our hardware monilor. It stands for a con1trol

elCieC 't (K) for monitoring purposes henicc K(irionilor) or K.wIoni for short.

H-ost or PRhost: This is the processor under mrasurt-ment. The host comnputer

has !o be a PDI'-I I in the current des-irrn of K.ieon. Kmon ki: onnec ted to

the Lznibus of the host processor.

Su.pervi!sor or P.!;up: This is the I)0( essor controlling thle K.nion. It ietf: tip

rv ,ers in K.enon, 0tark it and finally pe o c'sses the data gencrated by

Kierr:-. The s upervisory processor is also constrainecl to be a PDP- II in

the c ,irr(!nt design of K.non.



lHrdw or e Arc hit '.c tiv: Tirk in the part of kiadw voie de.q~n which, dpakt Witlli t he

Operaling Sstem r& Ilisithe level in the aperatig syvlcwi where its

mos prmitveopeatinsare defincd. A f-,rnd inc lucic (iehr priui~ttivo

sync hronueat ion mnchmaIismv, the prochIon mcichatmum, I he low Ir'.'C

re!'.ouu(r allocation and !schedluling f unctionf..

Sot twarr lock~out ( also called software contdntion): Ms his a phIenomnanon, arukung

mil of the nccd fOr MOG1d i CalIy cusiVa ac cc mw ; to s;hared dau str"u

i a mdU pincr.scar operating system. '1 1w soft warv Icc Ot mO rvi t !. in) a

lot.s; of of time whie executing certain cqmwraing syslemt kunt ions.
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1. Int rodu~ction

1. 1. The Noced for Por forn-jance Evaklation

1ho effective measurement of compuiter systeii is an essential parl of i le

mne liae o t, nio0delling and optimi.~ation cycle of computer !syOtn... Computer s1yfsi ms

1av.. evolvet into very c'omplex structures, often contsi!tiiig of many ~rOCC'SingI UnitS,

many 1/0 channels and a %yide variety of high perfornianc~e 1/0 device!.. On the

applications side, the computers are no longer operated by onc progralilrner at a tilne

executing a single small program. Today's computers are rxquired to satisfy a w-.ide

ar-ray of demands from mrany users simultaneously. Thc uners al.-c c-qcect the comptlr

systemr. to obey (often conflicting) constraints of fist responser and high component

t iiizat ion, high th-roughput and low software overhead. It is no accident that many

cturrntnt cortpuiter syitemr, are among the miott complex man--madr ob~jctIs.

1 h' increase in complexity and size is unfortunately not mnatched by an

Llndetulsanding of the dynamic behavior of such a system. This has given rine to the

science ( or art) of compuiter pe'rformnc e me ar Lrem nent and evaluation. Thce need to

gain a;n understanding of the dynamic behavuior of a computer system is folt by A

computer profess ionals, whether engaged in deasign of new hardware and software

systems or in writing efficient applications programs or in running a largCe installation.

Lucas CLUCA71] has attemnpted to partition the need for pcirformance: measurennent into,

three areas: design, purchase and optimization stuiis.

In the area of design and dlevelopment of new hardware and software syflsl

mearwirement play-i a vital role! in guidino the des.igners to make optimal decis.ions with

reTspe:ct to design tradt-offs. Moreover, mrany of the dleigns have to rely on analytical



01- sin-ittkition wir~ke ', 110 at0r po operationa1I Al Is ,IiC cOf '.tiC 11 ,~tmC~g't,. I 1cli,

put iM~o if I, I,,it nt. ;ar v e ordfd c.)t olt a Par amef irrnn f or ;Luc 11 Inf-A I and to v'( r If Y I le

prf'dit tions of t he toodel.

Thr, dec ;ioni,. re~garding ptifchase or lcasinry of ;I hardwvare ori- 1wi unit, Co~n

al,;0 lhnefil from performanc e MCM-W~rerriint. The prcblcr i crL' is to con'rare the

pc rformaiic C:of I hc unit, or' tystem under consideration with ii onic st anidard or- wit 1

ot lit: r ;.yt crns. Sint r opt, -A ionaS .l (rt arr~a'i,)e 11 c nt I ;I--t V"itl1 t he (if . it

probicmn, direu c af tir aserr ti~t of parametr. of intcrnest if; ponfsiblc.

Ih~third are pa of application of performance (mc ari Irce ni i in con~ti nd W.1ih

opt imizing the operation; of -a !pecific. c ornpii- s.ytcnn. The me anuivnients are use Cci

to prvedict ( and oerxc)the effects of smtAll hardw are or Esnftw are c hangcs. Tlie

cllncp.; nc111. 11!;inci a fa,;ter ( or slower) cent rat proc c's rcr at tiin c' f ister or larncr

!;P <orlary storage dovices , a.ddition of prim~iry meirry, altering the alto.-ation of

dieviccts to c hannels, altering the processor scedlngagorithm, alterinig the paging

and other algorithims. The reasfon SuJCh Optitni-aion dccisions cannot be made by the

manufacturer onicc and for all irs that the oplimum choire depenls, on the worload

e>pericinccd at an) insfall,3tion. The me suremnictts havo to he perfo-med continuously

and 'te sys-tem) ha!; to be altered (perhaps. dynamically) to suit the changes in the

Workldoad.

We& I-ave, Chosen to parlitiolh the performanice evaluation into te'cls -;uch that ;I level

k; clharacterized by the number of mnachine cycle!; recquired for a typical opcratin at

that I * vl. It in advant 3groufs lo do so since the pc'rfaruance painimeters,

mc asutrement lools anid tMe applications of the v-Alaion are different from one such

level to another. The lowest level is thc hardware engineering level where the



(ipc r j:t in involvo one or a f.*w machine c'le.The ol her Ilc'':I in) t he inc r rt

or di.r arev t Iet hatrdwarp archtt I ir Il(f!1 e11vIe, I, t he opvratim, f y 'tern l~t Ife I el e'.ig I', ri'c I,

the y!.icrw. pi opr;imiiin lcvcl, (lie appfic.ations pom.ii Iiiglevl m~d ftlnlly 11hC

lbro .1( iiisialct ion ianart.eicnt Ic- \'c . Thcsc ic .'clJ i( dIPsC uSfcd inl MOi' dOt All 11) the

nicx ( hapter. It if; niot pr ac ti( it to at Liiipt to inlvestigal , thc per formani: c as.pects_ at .-ill

th ic- lrvcels at on c -,n c the parametern and the tookl reluired are witdely chitrrii nt.

11hwlss~ tln therelore foCuses" on the stud), of the pe rformian 0 c M(aSure.mclnt and

aneily!'s at thIIe h'ii'dware- a ICI hitI OeCtUrc and the riper At in" s ys.t em il I riv, I d r'Jrn te I' %.' .

1.2. Oycrvircw of thtc Dissertation

. 1 is c iaptr.'r introduic s the area oif computer pcH01foiiian1C ~C noaUreirient and

e ',aluam n and discussci; it-, applications. The ric):t c haple,- res?-cnts the perflormnic c

par icIrsat the val-imiis !-,stem Irc\'fs and thel inc anut enrc t tools apphi: able 1t I ie s

Ic ''c I.. It alno gwi'es the mci ivat ion behind file research pvretiiled inl the ros Il of thpe

dis 'Iat ion. Chapto'r 3 gives a ie ir drscri1 Ation of o1.1r har-dWare nc nit or Kion aind

di;csc P5 it.- !trengths; and weaknesses an they' rclate to the rcsi.ir emrsnts at the

hardw are alci: -ihsl re and tilhe operating systm kernel dve ign IC vcts. Chaptcr I

df?( tl~csanl in--depth cye)~ riiic ot conducted to quantity the v.ariaitio,, inl the- dif f is it

appiic atmin are as inl triis! of t ieir usage of thle PD'- I I iwst r uctic, MAt. -h cornrIC11-

sI at stic at dvesign Use c to qiuantify the variation is prese intecl. Chapter 5 foC!r se. Oil

anoilirhr major experiment relating to the operating sytmkornct lci lc\vel for a

mut it r ~ crsr rjstcm. 11w:, toftwre conto nIion ai0;io duc to nut .iualtve i e

arcc ssct. to M-hared datl !a r uc ures is studicd for lA)'dra - the operat in:; y, tr ko r net

frw Cinnip (the Car ricitA- ~lion multi-mini process,,or sy!tem). A siple cc ntri atsor.er



I'lfd(t I- pre Cc td to 'Aludy t he C Ontention. The niodcl v'. ,aJirJ;lt vd ~.i'

hf. .1 itn, and ~1:u. i( then wUcd to pirdict the, In0 ;ou;l I or - Cmrp lle Otid nrc

Chilr f0 p~r.(-nt-. the vaI'ini. r):pt!rmiink' pci-forirod ow~ hu Iivdw~iw 10ton o d

oth vyrry' Ic "0" . Soo mC v' pe I icr. nt... aI(!I I, i~i no1 )1t .o r ( a n 1.ero i: ii n r

(h IC' p r oje t. Ct~iptcr 7 mimre the di-;-,r~ i1onir with foc.. w.tr I cut cut

App~enix A rvrt!ent- u mrwy of harc4\yar ,jcmi~torint, lec hiique-. A tom-ar inoil Of

viu cv; -ormn) .rc i,;l ~Iu and . 1 1 hrdj,)-( jrc rnior!;. jV pi''-(ntcd ;'ol- r i ny

dinmc viwnf. Tren! d.. in I hc li,)t w,re monit or dcl'' Ipm tn are~ i( TltibCcd. flpcmi't £

ri''c- thc c orrplr-A inst ru lCIionl 1i' data whirh iindhdes- a fshot m lio of tic'

mrnw ied pro:..rans. Appendiccs. C throuph V pirsent the oitli it: of oiit oiherr

rc/cp(i imrriik in cetuii.
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2. Perfornimnco P~i-rmcters and Mecnsur erm nt Tools

clip rttr I (li!-;C s'O the %-;oal!; of performance 'alikiation and Inc onuretni( ill. TO

achie 'c~ anly of I hc-Ae goals, one hat to perform eyperimenkt to inc a!ur e many dif ferent

q~i antit,,'., of Pniie~.fic: pul-po.;r. of thirs c Imptcr i!. tn i!'nitify thle prform.1)c

p arm.io-Acter. of ifntret;t and to des ribe the varln m11 tlfuf ire i t ools 11n thle contcxI of

I lesec par airicturn. Even though our main interest lie,, in thle areaf. of hardware

art-(1 -.C I Lire and operating system kernel desijyn, wec will pres -ent the parametcrs And

ook, at:plic. able to other are af as well.

TI,- litr at urr onl performanc7 evaIluation arnd me asuremen't contains many just anc s

of in arecnt of specific parametcrs . It i. dif ficult ,if fict iflpon .ilcl to eonfie;r ;t c

c very- tpar mir:tcrr mc; ured so far. Moreover, the architectuic-3e of exis.ting ad

!;ofI tware ny i;teI m and th le cnr;e r g i t Iectinol o -ios c, i%.,c t ii t o i ite cr c.&t in) many

p a ar; er~.For fil pte , it is. of Icn no ma -'Wtonv c wnk Ii ow viccce tMI e1 *jp)1 d imec

to exc:e itle a program, bult Ihis was an iouce-uting pm-raixt~ I'00-1 befoI nllipro:,ramming

wan introduc ccl. Similarly, thc advent of timesharing hafs ncncrated intnirest in thle

rc.poc's itime incanurvruicnts ; and thie emeiroecec of multi-processors ha!s Ei\'Ln riiSc an

to ini.-'rest in parameiters like meirrery contention and effect ive tspved-up factor. Any

lint of rperforimince parameterrs thereforr stands; to become obsolete as ti-chnoloegy

tv~t'.5. Jut a-, performan(c pIaameterIS dpend Oil thle tccnt ,the VaIlueS

h~tas~rclfor'tt-s palraimctrr!; arc also dependenlt onl tchnlology (I hat is, thle

cliarac teriic:3 of the c ompon(enk1 used to constrUct thle SYstMS anld thle \A'- ill WhiCh

th'cx ( owipollent'. arp intn'rconnec ed ) and ilhe worload pr usont onl tle oac tine whcn

Iic mco vs~ rric illt .am made. These fartIs should be krp1 in mnind whdcl !At LiU' thle

pc'rfceriianc e paranicters.
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2.1. Classification of Perfornance Paranmetcrs

Valiur II)S , Carclwr%; hav.e Attemipted to C lassify III('. om..rc wnc es

S'!obndo\'a [SV06761.11 lists four different aspects of cvaltiation parameters-

1 . Quantit y of worl a .i e ran h~andle.

2. ability of a !systeM to fulfil INe u!;ers* needs ( clitliy of seCrvice)

3. utilizration of the systern's hardware and software components

4. Internal operation and charac tcri5 tics of the -syslc'ms har dware and t~oftlware

com.ponents ( tinderlymc, factors)

I lie firt- two ore ,;nv. asurves that des~crlbe a s;ystelnm; as rfranifests itself to 1n11 'ra

obsr \er.The last two desc ribe the internal lp.ehavior of I he c .cm

Fulle.r [STOWN1S) notes that performance rneasures fill into two fundamewntal cass

re-,ponse time mr FlrUrpmvnts; and throughput ImeaSUIrments. tM'a:.uics in) thr c lass of

It-ponse I imei inc hde t he I linr take'n to responcd to Lis rs* coniands;, ire takcn1 to

sc rvicc a di!;k request and ltr-r~n ime in a batc h inst allation. The c lass of

Ihrou~ghpt nc asures inch idvz; the numiber of jobs c:c ctiled per day anid also the

01hiltion of the variours roriionents.

We have chosen to classify the performance paran kr!; as brelonn ing to \'aricus

iPll.ii a c omnplter syfler. This cla.ssification is mdvan.-)gCotI! ber allc we b.etic \c

that many merasurertint tools can best be classified as '13clotiging to the samc: levcls.

The idea, of (on:siderinjj the performance parametlers is heloneing to different lcvclk in.

not new. Kolariko ryOLA-7J describes a scheme of considering levels of abz.tt art

Inaichies, rar h c nrnponcdl of -tates that can bce nbstrac ted from many stattl's fromn thr



6

nr >: Iowcr IO\'c:1. A -tak atr~ ,all.it iOn at I(,.\,(I 1)4 I ( t .1 tc'i-.r an1it n (;IIn I)(, a

'rr 1~' ~ ~ntpaI;amdeIrr) alfl),!.~n one of :.cveral ttran!.Iion:. it le%\'C h I. S-obo(Io'.f

(( 1IJ17t6] cot .irlrs~ the rrvi!.tcr trancfcr, t hr ISP, the soft.,mft ''iippot I and Ilin P1,4S

Ws 11c)Ill( aaing ii vcdt I for d a!fM(;AiOn Of pe{rnn~ptanli r( I..ifi( *t Ion

scpn fi _;urie 2.1) is similiar, ic pt that it c on.ider fill hc I(: V. alonr, the iiwachi,'o e Ir''

ow'... W1. Iiive',, alr, al I.:,tpltod In C hlaririr the olir'I~f ''at itv c oiiputr

prc~fc ..'ion l ont lhe ,am axi';. Admitt-dl,, ;t)( h a m a~,icIo rat 1w r Icou-, bill

it (Ice point oidl how dif k ri'nI Om-1putelU profv-.Io(iaI! t~cwIhn'r (cw omanc c

pararsctcr!; and nrasurnrncnt tools.
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2.2. P'erformnance Mon uroitvent Toole

Fiv!urn 2. points out th at there are a variinty of pcerformanc c mtc arem; lit tools

withI each level1 having, a prefered rncasurenlent tool. For ant itnitattalion mcanacrc, tile

goals of performance nmcasUlro-mrmt are to aid the purchane of new crif nt or-

systc-nrs -and to direct the ol-Aimizalion of exi-sting reSOiUces. To achicve, thc .e goats,

two roain nicasurernents have to be pcrformed: the workload it thle inntallation ha!. to

be c hai-actr'ri,!-d and fihe ut iliulation of VariL'u5n hardwore c ofllp(J(WIt'- r-C'df. to be.

mc as'.red. The sy ,Jcm accounting tog, gives the rcSOuirces c(oiisured tby inldiVidUat tm~er

jobs and so it can be used for Work~load charactcri;!-ition. Morcovcr, with a mnore

!;oplhi;ticaecd lo,,, onec can get the resource UtiliZZ1at1 iOilo a per1--Sec' end lbais. The

MC a10.iretyen lt of Overlap of varipurs lladwarte (Onponents has'.e, ie to be Obt .-)ii'(l

L.15ing a hardware mronitor in present comnputer systems.

Thr_, reason a software monitor is m-ost applicable at thle applications and r.\'Stcmls

programming levels is two-fold. First, 11eaSUrrmnts- at thecc lrevelcS need c onridieral

amount of structured information in thle form of variin ny-.tcr queruc, , job tibles '1nd

tie ossoc lat ion of high level languiagc statemeiln Witlli ad ial insttlc Iionsf h:ein,g

ecccttdc. Such information is iriost easily Obtained by introducing itiearc;rent Code

in the approp~riate routics. Second, the primitiver, at t hese levels I -,te miany

tlioijsnd!s of miachinle Cycles to cxecute, SO thle ovcerhead causedl by inserting

mei asigiremtientt code in; not prohibit iv.[

As one proceech; to lower ltvlte overhead cawi:rd by s.oftware iionitoring

becomeis sig~nificant and moreover, the high levecl infornizilion neceded to r othcr or

interpret tile mecasuremnents can usually be compressed into a fe~w bits ( .g,. witer a
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cc-r1 aaa imer i!; c-xccuing, operating &y!Atem or usecr ecction). It is thercfore 1at ural

to ur~r a hyba id monitor where most of the measurementF. are performed usinf- the

hrdl.wre monitor, but the .oftwame on the mr~asured -;y!;cii assists by taupplyiog thle

rae qim iIi nihgh Ic vc- I informat ion.

Firdily, when one is considering events taIking pla~ce over a feyw mic hia' ccls the

only tool that (an be uscd is a hardware monitor. Tile m~ahine -J atcs rc'qmurd to be

trcnitored at this lcvcl are Scrncrally not acccssibic via software. Wm ,ajrrcnts. at the

c,- It 'c\Irvc and below are Wuually conctetd by a hardware aini-tnanc e cno;ccr and

h .11ar usaly erformcd for the pitir;moe of diao, jrus rather than perforit-i.-nc c

icv alajat ion. We will not be conce-rned with measurement-, at thusf- level.

*Th' neeid for Ieme vi ren-M- ,t at the hardware bits levcl za.cris;e to the hardwale1

monitors. Ini fact, mot1 of the early studies involving hardware monitor!; vere

reri tv' to thir le.u'cI JASCr;' , PPIcMxi, PACO~ P~~;, Af;'J.CIrvvCI wrays have

benm du'\ased howve1r, to make a hardware rmcnitor U!sCfUl at upper levels. A sim-ple

adcdi-t coipi ator c,4" )r used in sm systemr to identify that a particular u!;er is

c>xccuting or that a particular operating sysicni function is being performcd. A nurnber

of performanc e parameterrs applicable to higher system lrvels (an be measured Lising a

hardware monitor without altering the softwarre on the measried system at air (o.g. t he

a'wri--rc CPU titili~at 'on, the exec ution profile of the operatin-, system), a 'cragc' I hink

time mild c'01-1piate time). When the s;oftware on the mr asui ed s.ystcm it; mr.dcificd to

activelIy assist the hardware monitor, one can perform mcasurements on I he activity of

a pirl iaciulmi aae r cor t ake into arc otint the effer of program o\'crlc., js when acqiring

an execution profile? or a routine trace-. SuchI a hybrid mr-isuremmnt tcchniqui: has. bc'cn

found to be quite useful [SVOD7Gb, HUGI-1'4, COLL76, SE3A7hI)
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"~Ihmqth'W fil'.ure 2. 1 !;sI.; that thle n)o-.t. applir able toot at t he tcvcl of the

int ;dlOtiO1- m-1anager and applicol~ions programmeir is- a roftv:mue monitar, wer find t hat

trir)-. (onincrciat hardware mionitors, by virilue of the ;oftware supplie~d with thero lie

gcaricd toviardz these tipper levcls. Apart fromi tiler(, bvin more irwi lct at these

%k,'c(I', er ;etHip followitc, rrivsons:

I.'arametcrs at uipper tevrl! are (omposed of pararctrr; at lower lr-elr. and

tlie.-e (m)n be mi-onitored nsing a hardware, monitor. Thc dcvirrci vcrtap and

devijce titii~at ion cc rli inly need a hardw are wint or inl u[ rwil it yst'zms.

lio- o'c, prane c'r.lik~e t he aww~rai mpomne tuinec ihiat, iomnse. of lowe r

lcvel par amr-tcrs; like Ihet excecution of command intfe-iprelier, dC'iCe' initiat ion to

tbring' in) a new prograty if required, wait for the dlevicc to corrlete, the requetA

and ex:ectition of the new program. Each of these cAnl be mnea~suredl using a

hybrid or a hardware monitor. Even when suh e sirevdnt air Ulnitbl to

give a conciretc number for the average re ,pomsc time, they indicatec why the

ol)!ir,r~d response timer is large, so corrective action can be takein. In 'ihorl,

lowerr level mcasujrllet+. (.an- hot only yield upper tlVtparame~ters, bI)it in)

!;Ome cascs can provide 'a.able insight.

2. Any noftwarf? monitor nVe!rsdrily implics !somr modification of v :intinr, the

opleratinlg !;y!;Iein , ;.ystcems prvLgrairis or user pro-rams ( a s.ampling sot twoi p

monitor is an exception, but its applicability 11nd a(CuidcIC S t- ititCCt if thle

Samplitng ratc is kept low to reduce overhead). Such a mrdiCtion01 pert LIrb! the -

system and more mpcirtantly, can become a sourcr of errors. f his pivc's rine to

the reltjctanc e in gathering information with a software rilonitor if the (aecan

be oh-;,inocd uningp a hardware monitor.



3. A harciworpi monitor, once. fxt up, (.1n1 givc quick lv iV-Wc1 to ff1.11Y qIic-ie' oI1f. I*()[.

exitmpl, parniie ters like I hc averap, timeir I al-a ri to c 'e tile a ccrri i rout ir- or

Mrh disti ittion of wir of dif fc*re nt !;Lpervi';ory ,v'rvic c alk. and Ili iwc i n cn.f

to corr cach fall (in be ob~taine.d withoumt loo mudi cifort. Fcquivailt:nt

mlea r ieiii ill !;ft 'D ai e would requirv mnre t irli aind If nurv dt I ilv~d

knwlcdlge- of thic '.oftwarp under consid,ralion.

2.3. Pii'rforirijonce Paraiiters Constituting Our1 Sltidyj

WCulf intre ted ( in) t he per form~;nc c me af.i.reme t man 'ili at ion at thedId

eChilt cILil( re ndi Opr rt inj, t;-p i kernel (fc!igf in ' l. h1c ,ti Ipd!* al! (? p andiiw

.111idly .v it h Il( head'crii Of tcc hnology andl it it; thmreforte not ajpprcipriatc to at tempt to

-dy ll a-;POe Is of pt~rfOrl)iince related to thei-e are ae. in dvpt h. VWe have, !.t i~Cd

r ay paramieters of intere-,t inl these areas and hiave cytended our Study to indcle

r till iprocessor -l'strimf as wr'.i. Our vicwpoint in &l')/ay ; that of (tip des.iiner

z- Icmrpl ing to !tudy file haidwarp architecturr and the operating 1.,sc ; ernel by

r r. iring' the behavior of thve ex:isting systcno! under actual userl pr-ovi amn. Figulr 2.2

c rpl; y% the ma~jor param eters constiluting OLur study.
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ig.ure) 2.? P'erformanicec Par ar: tr . Cori!tittimi, okir Study

Uiniproc essor systetii. k4uLI ipr oc cssor sy ,t r.:

be(havior of iy teii. contention dtic to
and workload !1hare-d resourc11 C s
C I111aateri;atiofl

Hrdw'are alChi eC t Lire The' instruction miux Ms'iory cmttcnteon
I e veI and qitiantificatiOfl of it, i C.ttumrp

v!ariability with recpeclt (' hapti'r 6)
to application arears

(chapter 4)
------------------------ I------------------------------------------------

Opcer'litic Tog Jv- syscr Itd)' Of s>'lrmbeavior Softwornr (onl r'nt 0

l-wilf I dvQ;i[in le\vc*: I wid wvorkloadJ ( harm~ t C, v! at loll it) Hydr a for it

k, made difficrult by non- non -ittiact ive

uniformity of prmitive worload
func tions acro.S (Chapter 5)
o~perating systerivs

IFor thew hardware arch'itect, the variAbility in the ww'klaad Ila; always- bern a

dif hictilt (h3'igfl proble m. It is intmit ively car that dif ft'rent application ate as

scien~ific, liisiness, process control ) present different workloads to a procrcs;or. 1hle

inmpo' hint questions faced by the designer in this respect are; are the application

arears diffrrefll at the Iowexst levrl of data s~truc turen manipulations i.c. the twusruc tion

mix Irvel? If so, are theiy sutffkciently lifft-rrnt to justify ii spvc ialw?'c procf (5501 for

cac, ipplication area? Hlow mouch performance imtpro\'en-wnt can be0 cItainvil by -;uc h

spec .-Aiiecl processors aross all the pro,,tmr.u it- a vivvn nvea? Wt' apply Atmtticijl

C':p(' imental des.ign lec hniqties to quiantify the variance it thie instructioni mix due to

the . ,-irxm factors in order tq an-wer thesec questions.
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The measuroment of the workload and its varia tion for the operatinog system kcrnel

dcsign level is complicated by the fact that each operating system kernel ha. its own

set of primitive functions and compari!ons across different operating system.', is. not

possible with our Current understanding of operating system.,. We will therefore not

study parameters at this level for uniprocessors,

In the c:ase of nultipro.essors, the study of the contention for shared resources

amon- prr)cc.sor, is very important. At the hardwarp archit'cture ivel, the c.ntention

occur!; ior the c.hared memory and shared data paths if any. This problem has been

studied earlit.r by others ( (BIIAN73], [MCCR73], [BASK76]) using analylkal models. We

have attempted to measure the memory contention for C.mmp - the Cairneie-M.llon

University'r mulli ininiproccssor. Our study was hampered by the Inck of high

resolution measurement tools. H4owever, the contcntion problem at the kernel dev.ign

level was attacked succCssfully. The contcntion arises because in order to miintain

integrily in a multiprocessor system, certain shared data objtcts (such as the list of

runnable procenses or the list of free I)lochs of memory) have to be accessed l)y only

on. proce!,or at a time. When two or morn procesors atlrmpt to acccss the S.,amc

shared dAta object at the same.time, only one of them can access it and other,. have to

wait. The mechanism used for such mutual exclusion is called a lock. The time lost by

a processor while wailing for a shared object to become free can become a

performance b~ottllnec.k for mulliprocessors. A hardware monilor was uscd to t-easure

the i)(king, behavior and the contention occuring in Hydra, the operating system for

C.mmp. To the best of our knowledRe an experimental investigation of thirs problem

was not possible in the past. Our study of this important performanfe ')4ra;mrt.ipr

should guide the study of this problem in future multi-proccssor operating systems.



Ht in clear from Ihe di,;cur;ion in the previous ,ec(tion lhal a hardwarp monitor is the

wiiost appropriate tool to investigate these parameters. But a hardware ri',nilor i!, a

v(:r.,iil, tool which ran also bc jjppli!ud to I)prformn;4c Studies. of other sytm n',: I.

W., have therefore expended some effort in studying the hardware wronitorin"

t (hniques in general. The next chapter briefly descri):s Our hardware rcnilor K.t,cn

and in chalpter 6 we examine how if has been used for n'ce.'surer-tents relating to the

(lifkercnl system levels.

6 -
=

- _ .. . .
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3. Descrip~tion of K.rnon

3. 1. Introduction

Kmrmn is a mcimory bko monitor for the PDf'-1 f;amily of corsputers capable of

mnifoiririg every cycle fakinsg place on the PDP-1 1Lhfilis (DEC7 1). Since fan.-.t

computer syi;tem components and peripherals on a PDP-11I comrmunicate will) Carl)

other via the Unibus, the Unibus is a rich source of information regarding evory

activity t akinp plac c in the .oriputer system. In princ ip:le, it i!; po!-;sible to r(ccord

every tycke occurin- on the Unibus and post-process the data to obtain the requted

information regarding any activity on the system. It is ho.'c.'r impraictica-l to record

all the c yctes at the rate they occur. Moreover, the post- proc esinv ;)ro~ram wilt have

to be vet-y c:onilnx to extract the required information fromt 1 large UnilkjL; cyclr- tr ace.

K.movi therefore provides, very s'Ophisticated evntdecc lion mr C hanisirs which enlable

tile orlaly!;t to record only the events of interett thereby 6implifying thle task of

re cordintg and post -processing. Knion gives access to hardware level performance

inforiaioii not otherwine available. Mo3reover, the event detection mcchanisin is

cipal'le of obtaining information regarding !;oftware performancc wit hout the insertion

of softwarp b~reakpoints.

This chapter is intended to describe Kmon to a level of dletail necess.ary to

undnei stanid the experimentts, presented in later chaptprii. The motivation for Kmron Ind

its ch'-sign philosophiy is dmcusmsecl by Fuller, Swan and W~ulf [FULL 731. For a ,rpre

dnetaikl description of the operations of Kmon, the reader is referred to (SWANllG.



3.2. The~ Exporiricntal Sctup.

K.nirn prese itS it 'lf as a paf;Six'c dt'.\ice onl Ille Uriihur, Of the proc cs-_;Or LindE! r

ni. ani it c ricnt (P. host). Arlot hr, l)o~ccssor ( Psfup for su;)er''ior ) is reotijif i: to ont rot

K.mnrin aind to .tore the ciata ZAt tcri'd by it. Kicn hu. .Ir addulr!. tw.o Unihusc v. s

!.[iowii in Fici uic 3..The fI 'gore sI ows lKson c onec ted to C.iimp ;ucli that bc~th F'hwsl

an~d I..p airc pr(e, ;orn on C.momp. It Should hC noted oevr that eit her or bothi of

he pio((e-,-.rs roay be c onvizn-tional stand-alone mFr- irs. in) fact, tii; wnfs the icr:die

in) vwhidi K.irwri was wed for im)-st of Our c!:pvriinrnt5 I

All th1e sil,,nals pr e .ent onl the Phost Unibtis are avaul.,blc to Kiicon. In) adtit 'on, a s.et

of 2" probes is providedl to moonitor signals not rivoil.:.ble onl the Unihw,. Thc probecs

aru rie ntly u!;Ccl to monitor the following sig~nals:

1.tho inst r ucton fctch !Jgn;i tgsed to del ingiii!hl hot wcen the inst mc ton frtc h

(y( les and operand, data or 1/0 c yd.hs

2. a orinal indlir.atincy that a c(c to is initiated by a proccssor as- az-,aint mlit iated by

all 1/0 dievicP.

3.thi ve bits vivincg the Priorit y levecl at which the proc cssor is r unningo

Ih," inputLI ognaks are tested c oMbfina oIatt1y it theC nril cr of cmh Umbttv;bu cyd

on Plho-st to de-trct uvents of interest. Kminon (an bp pm ograiiviccl to r ecord

inlforlll.i ion !suc h ac- the addre .t; or dlat a in\volv(-,cd in thc (ydin when an event occutrs.

ThvI Iw n in ' ncy ;.~~rtc n in h-vire bc'th l htnrt or;I Pev tof i p oE IC '. F n Ci-rnji If n, kr.c- .fhq cii

,, -rt , "i -f C ',mp nwIII, finc P rn ~ In T.fnv.? anc pnn'7 -t.p -c~r- Mr. chlfi IMcrr7,! ecil ii,, ri;Ic, nIcilt.: .

icy K: nt,n cflri hi? v,;ci by thr) ririifi- r;y';inT fcc, dclI,mu lm,r. Ii d0lilci; Fr*,~ i fti Kr c arcc .'l~v
erci, ni if iby providrir msoiiiiw! frocm flip' ocprcc.-)hncw ryw mcc



Fi't 3.1 K-Inon (on,nw c d lo~ (.ti-1,I

* 5MP

(16 X 16 Crosspoint Switch)

PMA DMAP

Host
Un ibu s

K.mon

Supervisory
Unibus

K10

10K 10



I~~~~ lie .1.~ir dcd I I' Ir' 'Iii buiffer (,-.o evcit.- (ifp) iwrI . I Urn to , f,, I i 'i ri tiC

hi.4111 III flff1?'y oIf P.I .', a1 A.aildtrd inte~rface (DLC DIFI I .B).

p.i. '1ntf 01; I he( K.rnr.,n Via five' ( Orniand f il'gI!;er.. vithict all' iI!.CCI for1 inlt 10i' 11 ll,

!-c it Ig (; I he oprat i ng iriudr ! anId r r pu lo ' c ptI o nat I ondit low11., Thc ( .'co

dtr c ioi and eve of:n r( '.pon ;C f otoo011, in K~no irr (cmpirtrly prvra~:h ;ind

Shr y ii e (iIcrimmec by a 65 wor d sp cific ation word ir c''(SkAVY) '..'ic h I, -C-1 tp)

by R.iitp prior 10 runniit in0 C pericnt. FicuL' 3.2 '.h0\-V- 11w NockI d'agrim of Kmco'r

-Ind its ret at on'I11p to I he two proic cisors.
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3.3. Event DoteCtion

Tlw c oncpi of an eventi~ Pc ft rat to all Iiardw arr moit or-. An e.vr et ca~n bc- lco!mr ly

clefinctcd a-, an) occurren( c of a particular state on the sy,.tci, ujnder mcrafsuricnt. The

event wce are sntecc tcd in Cani alno be a combination or a '.cqum)(c of ci hev ceent s.

An event canl be as sinmple as anl occurrence of an im~ruction fetc h cy>cle or a!s tomf; In

an the~ occurrnnm of the firnt operand fetch cycle after vexccuting the in .trti( lion at a

ccrt an loc at ion white exeC Utill- a particular uISCr't; proolram1.

Sim~e evenits Cali be fso Complex and s;ince difkiilrnt event, tred to be monitored for

dIiffei'rint experiments, the event detect ion me-chanitam is the most imrport ant part of a

hardorf monitor. In Knion, events are detected at t.,'o levels- primitive and

aICCU111.1tMd. A primitive rvMC,1 lcnOCCUr on every Ilnibir; cyd c. The( pr unitive crvnk.

are counted until a specified number of thorn happen leading to an accurmuilld e'-rmt.

The occumulated eve~nts and K.rnon's response to thom itre clinc u!-.rd later in) this

c h apt t'r.

A primitive event is the lowes!,t level of resolution of the Kmton. Duriovg natih cyc Ic on

tile F.Ilost tjnlibulf., all fihe availa4ble signals arrt latchec.d. J hc input !ig nais arv inspec ted

simull anvoisly by four (littinct combinatorial log.ic unlit! t'o dIO td fOurt dirstirlt Primitive

evvnt '.. The input s;ignals are divided into four different groups for the puirpci-;c of

detectintg sub)Pvet! which art, Comrbined to detect a primitive event. The rroupS Of

inpul sig;nals Are~:

1. 16 bits of Unilbus address

2. 1 6 bits of Unibus data

3.. 16 hits of probe !ignals or 8 bits each of probe signals and Unihus cycIcr lngth1

4. 7 bits of control signals:

-J
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2 hit ,: 1JU)ibw.. wmcrI . , bi1)]7 and 18
2 1)1k.: (yc l control !;ignals:

rv.ad, t d-~iswril e and virile -byte
I bit: !.igflal inclir ating that the cycl ti

all intr'rirupt t(!quest cycle
2 bits~: intcrnmal flags, usrd for drtcct ing ,cque~nc c!

The- !;Lb-c,'enlt are detcc d usinig two furictional units;: coirnparalors and pat tern

dletcctorn. A compmaaor performG a 16 bit unsigned art lirmctic cornparion butv.'en its

inter nal c om-pl:;on valit trginter and in eytcrnal signal group (usuall-y the 1 6 bit

Umhw It u adr . he two re-.ull fsignals areC 'Eiial' and (;[Q', indir Olig t hal I hf iliptt

!,ignal i5 qual to, or not lvss than the comparion valiup rvcgi'ter. A pal 1evn (Jotod( 01

is',ccl with the ctlita, probe and control signal tgrotipz to detect anW j)MrticLi~at- bit

p at t.mi. It (onsists of two ntrnal registers: tw ; and patte~rn. The mawlk .rpieg5tr is

tvLel to (ientify' thle ( arv/ don't (are bits of the iniput -ignal. The res-Ult Signal,1 'Maltdch

i!; Iluu Mf

(inmil siIna ivask; register) -(pat tern rc istCi' A malnsk cgstr

3.3.1 Combination of the nubevents

Fip urv 3.3 di!;playt; tho arrangoment of the corriparators and the paltm dncetec tors.

For r ac h primitive rv'ent thor e ar! four sul,)'eve it , - acdrv ss iatc hfGEQ, dat a m itc h,

probes match and control signal-, match. Fach of thesc sub-evrnls call be tested for

beinf,: true or false or can be ignored in defininp, the corresponding prinliti'.c event.

Thc right half of the tontrol bit-, pattcrn detector i.sLuned to performn thll' filial

primitive, cvcnt detetrion (unclion using the sanzr Pattern ansd rmAJ 11,ginstel concrpt.

[7ven th1ough only one event comparator is provided for c a t primitive event, it is

por.Filel to spec ify' a Primiutiv'e event which inspect the iniibus addre s for bemng in a

(crtiin ranne l)y using thle GCQ signals fronm twoc cornparator!;.
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3.3.2 Accumulated Even~ts

It is s.orimiimes necessary to determine how many timc -. a ccrt ~if primitive (crict

happi-ne. bt~ween, two Mor events. The event aCCu1111ulRitors provide the rrqcirecd

c otitting funct ion for this puirpose. There are fout eV(Alt i1Cc urnulator!;, one for v'act,

primitive event. An evcrnt accumulator consikts of a 16 bit counter and a 16 bit initial

valuie ,teister. Mhen a primitive event happens, the coun1ter in) its event aCCUMIJIijlat is.

dec remented by i. When the counter reaches zero, an accumulated rvent is s;aid to

haveo happctned. K.rnon responds to an accumuwlated eventl by recording ecrtain

iu'forii;.tion as desc.iil'e in the next scction. In addition, tN, counter v. lomld withI

the ctntsOf the initial \'aLIC register to enable subscqtuent counrt -clow,,. bjotr that

the inlitial vaIlue register can be set to zero causing an accumulated 't(.nt c-,,ery liie

the cr respon~ding primitive event happen~s. Another comnily used value in the initial

value .reitr p 16_1 whlich is the maximum value it can be Ect to. Thc e'vent

aC~cIL11u.lator Mointer then ovcrflows, infrequently and can be usedl lo count the riutrilcvr

of linms the correspondling primitive' event has haopened. For rxatrplir, suppone the

initial valu.e reginter for primitive event I is !;et to its inayiniin value. B~y rec ordint, the

valueC Of thirn counter when other events happen, one can) doteririn how iuo;iny timne.s

primitive evenit I happenied between any o'1,er vnts .

This mcchanism is ako uscd for deteriminin.- the t ne elapsedl betwei, tw-%o evcit~ A

speciual ev-rit arCcumulator is provided for thi!- pur-pose which counts the 0Ccc wi nn1C e

of a ' Iodl tick. In other words, the primitive event for it happensi at a consftant rate(

pro-.,r imii4ble to tbe 1 ,16, 2b6 or 40O96 microsecondst).
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3.4. Evcnt Rc'sponsc

Whc..n an evont is detecfted, it is. soic Ain s stifficilt to jUst roc rd '.c trrn

wh-erear, it other timc! , if in nincessary to rvcord more information lilke the addr rss! or4

the data that caused the even~t to talke plate. A timer stamp~ and the valuel; of intern'Al

C VentV ;rt. u11.lo t or uouinters may also bv II' (uirid for 1tatc r 'Alli~ Ul f: I aIly

manitors, only summary type inlormat ion was made a'!ail.4ble. So the only re-pons e to

all) F verit was to inreLyiYent an internal (Cunter. This if- !:Uffiriellt if 011lV gros aer

valu~e,. of the mer-WSdT~ Cllanitic-es are reqtuired. If howrevcer, one liceds to gtc nirrate

histo~oramr, for constructing analytic at oi- !:imulation models, m~ore dctailrd inforiiimtion

has lo be obtained by lhr hardware monitor.

In K.inon, sinc~e there are five event accumnulators, any c ornbiral ionl of 11p to five

iccumui.tccte cvents. can happenl Simlt1anCou-sly. Inl Some1 expericnts, when tw,%o

arcumuliatcdl events happen Simultaneously, diffleront action needs. to be talkr~n thAn if

I he \ happen se paratrty. Y.mon t tre fore provides foi-an c'c ofr : ; t ns'v wc ifIi ation

word for each of the 31 <comnbinat ions of the five a ctumnulated C\'Ont-.. Wheni an c''ent

is, deteCt(-'d, upl to 9 words of information can be obtainf-d. rThcri are: address, datIa,

probes, miscellaneous signals, clotk value and foulr words; givin the number of tin--s

each of the four events has occured so fai- ( i.e. the counters in the four vvenit

aCCUMUIlitors.. lvoreover, t-wo intrinal flap, can be sct or resici to facilitate dciccfing a

sequcencc of events. If a npecial tinier miock is set, flag 0 canl be uined to enable the

timier. This provides a dynamic event driven nxcinisro to Mtart and ttop t he (61-1(: r.

The minicottancousf sienilks word contin; the flag valties, thr Linibus control nignals aind

all identificiltion of which of the arccumulaterd evnts)hpiwiwid.
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Int, omc r~:lpcrimcnts , the rate at which thie dAta is "'Athered vceC .. d! tile ratc at

which it coan be I r alsfoirrd on tlie P.!;up Unibus. TWO lbUffCrs V.Ch Y.'1t '"180 eVC1nts

capac ity, are tusecd in a double -buffcring mode to smuth thle flow of datil to P.!.up.

When the buffr.rs ovc-.rftow, Ptsup is interrupted to tae the necess.ary action suchi as

disabiincg event dletrction or reit iliziiig its programr.. Whc'n an overflow happoens no0

furl hrr dlat c;an be gathered until the buffrrs becomeir fvve a~gain. Information about

erdt'. happening durring the overflow condition cannot be obta--ined.

3.5. Strc'ngths and Weakne-,ses of K.rnon

As we !Jhall tiee in the following, chapters, K.mcn hla; been s;ucc c!.sull', used for IlIia

stUdy of iiv;truction mixes and thie software lockout phenosvenon. Therv are mrany

of he-r me anum emr! nt . for Which Kmon is not ain appr upi i ilc loot c!.V. mr;mic ry tovddt

contention or tracing of all rc','cte tak~ing ptace in thea sytei-1. Ilhe am1ount of

meas'jrerticnt Tspace- spanned by a monitor can be looscly defined as thle powci of thec

moonitor. Of course, in addition to power, the case of usc and thle cafse of attic hmrmt to

the ircsurrd s.ystem are Also import ant parameters of a mcasurement tool. Sv!obodlova

(gV011E16 b) defines monitor power as composed of four componcntc- mnonitor dormin,

monitor rate, input width and rer~ordinv width. For th. purpose Of di!;Cu;Sinrg K.,on, we

have parletioncd the monitor poWer into the following four dimensions:

1. The monitor domain of # hardware monitor consists of tile 'rignaks monilored with

he help) of probes. In time case of Knmon, the domavin (omnsi!,t of the I 8 bitt. of

mermory addrwns, the 16 bits of memnory data, 5 bits of control stienals; and 5 bits

of special signals, makin g a total of 4V4 bits.

2. Thc monitor rate is thea rate withi which evcnts, can be dletr td -limited by the

monitor's probes and logic.
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3. The input wYidth of a monitor is the total number of bit corlipiri!;oms a[!aint thie

input signals, that can be performed for the l)Liiionc of derfining evnr in) all

experimcnt. For Kmon, the input width is 11 pimiitive evenits timres the 114 bits of

its donlainl.

4. 1 he recordincg rate of a monitor is the maximum possible ratc ( in bits;/scc) of

su!staiwict ouitput to the supervisory processor or sonic seconldary storage

clevicic. 1 his dinwn-tsion it f owor ir. A CRuCial parameter for- vxlwriwir~nt!s involviing

I ra;cinv. For inn dSur er1e its involving counting, and Esamplino, I he i-ecoding late

Call uSUally be ignorvd. For Knmon, the recording, rAte is limited by thle rate at

which it can transfer data on the suprvii!;ory proccssorsr tinibus.

3.5.1 The Monitor Domain~

K.,on is a memory bus monitor, that is, most of the signals in :is domnain are alt-rady

avaid.--blc in onc place on the memrory bus ( thle U.nmbtes). fMst comimercial monitors are

desig'ned for- monitoring many difforent c ornpiters and !;o their domain has. to be

establinhed ri1sing high impcdanic probes to pins in the honst c omputt-r. Thi!- approac h

hav (Imy dravibaelps ( !ice [SVOU76)] Chapter 5) s-uch as inaccer-nibility cif pins, ctan~cr

of cat'iving a hardwvare failUre and using a wrong pinl. Our experience lias, indicited that

m-onitoringt the memory bus is sufficient for most expc'rimcnts and moreov.er, in moist

case.-, the software on the host computer docs not have to be0 modifiedl at all. A

special monitor regintr ha,,, been proposccl by Hughes([ 1.-l?) which in conli ollable

by PRhost fsoftware L!iig Spe'Cial instructions. This rcgister in monitored by a hardwv.are

monitor to gathrer the information supplied by the software. A memory I-Auv. roionitoi'

lik~e l~mirm eliminates the nepd for such a reginter since any location in the maiin
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me riry (.;I. art like this riistcr t- he hardware monitor neecds only, to monifo-

arcej.-rr to this location. Our c~prricec withi IPFX Ii hooks ( sre sec lion 6.2.3)

c lt'arly Ihowlth adlvant~qgr of a miemary but, monlitor.

It i!s itipollt lto 1 icir addrtdt; i..s 110nn! ano', y ldduc!-t5 mIappirn is rierfo,'t d

5tt.i 14 madr,: c; ;Cen by thie n-onitor is the virt ual addfrwess tn(:raind by tile prciorain

tinder roeastemrilt and nlot live ablmmte meru.cry location addclPSS. 131, daitso thir, tile

me as'.Itement ir, not aiffec ted by any dynamiic relocation of the prcgr am Thc fact that

all th: p( riphecral de(vic~es at( c ontrollcd via Unil)LI. registerts expandf, the' domain of

l(N.moyi considerably. l(.mon's address comparatorrs can oe of-ed to mcnitor the

commeticds being given to the peripheral devics.

Many of 1te risjrege tts perfortimcd by Kiroon can be ~~om- in a

micropr,rairmalle host by nuitably altering its microcode. We will urfer to this

te-chnique ar. firmv/ma'? mionitoring, in the rest of tiN5 chapter. Su.ch ai~ firmwarf? montit or

has a larg~er doimain ( r.g. internal Willer) u it lackl' the ability to m-onitor e%'entS.

insid- the devices and the also transferrs between the device!s and m~cincry. It shiould

be noted that a hardware or firmware monitor has a viery reftricted domain comipared

to a -7oftware monitor. A software monitor essentially has il mrio~ry locations which

can he recad using an instruction as part of its domain. It cannot however monitor

devic activuity unless the CPU is involved in it.

An entirely nu, problem arines when one ir, monitoring a imejli-prrcc!ssor or a

netwn-.rl of compuiters. The domain of a monitor need!; td be expandled to includle alt

the prncr.sor, in orcder to Atucy the opt-ration of the 'se~ar it wholr. Kokinl..o

[KOLAi77) and Tesclata rrport uISing a himrdware monitor to meamsre a ,nctworl. of

computers. Ouir experienco with C.himp ruggests that hardware monitoring of a nmeitti-

proccssaer faces two main problemsi:



a. w lie mol lCfhtliar In A(r01iu1locate a d gIrcm.ii Whore( (ifirlI-vll ~in;In tile

ciotuatrin arc! vilid at difi-re'int time Inm.tants

i), 'rix1, iiirnitr i;hoktid lhe able 10 handle a hiplinr inpt rate

Similar pr ohir.mr. ari!;c when u~.ing mull i -port m1C.Illory or .-%*-i hen1wp c'.ori. .

diliirenit b~c.for (ornminniatiln with differe'nt meinrlries:.

3.5.2 The Monitlor Rate

Thf~i~Iact that K.inon i~. a meincry buLs MOnlitor, rFC s the maximum ijseful irionil or r ate

to hr- 1lic ralte;, %at jj hit h ilory c y ic. r)(cl Or l on te ho .t Incinory hu!,. 1 hir;

al I~,. itW-1 MCnt for bid'; ilny~ Incl~reMncnts at lcvek; bvlow a miiirry cy Ic (e.g. c a'che

hitt.,~ ~ ~ I. leI faccl ), but it wa& ii'ed to s;implify the s','n hi onizot ion pi ohir- nl!;. The

Nigh (;%.cni detoc ion rale of hardware monitors liar, traditionally rOScited in their urMe

for ( ertairs couinting type measurements. hI fact, sin c the recordina iate of a

haridl~ar, mrcnitor i!- LPI.atty, low, whenever arrit! to be cltctedc ait a hip -I rat,

thce miost common res~ponse to an event is nc rcmnting a countor civipending on1 tie

cvent occurecl. Svoicoclova [SVOB376b] has propored hard~ware aidr. for internal

'nonitorjng. Thtsc influde counters for couinting evcnts commoioiy counted by' a

hardwvare rnonil or ( e4g. niilry c.ytlet;s instruictIiont., cliani.l tus od nveriap, ,'ariiui

timcir..) f processor!; arc d-igned with such internal hardwkare aids;, ~many C~l.1rimtll~S

(an be performed using soft wori monitors withouitt thle iweci of an eypeitic hardware

monitor.

2 me*. I,,. h I fm empfc.)y I'pe'nfe citculd for frratn the Iervt i, ')f R cycli
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3.5.3 The hiti Width~

The~ input width of a mronitor deltermniies the iinber of di! terr nt L'vcnls that ca bI e

clefind in an rxperiinent. The input width of t(l.,on is fixed at A1 timcis 111 bit!.. r his

nuImbu!r i!; wsome: whcl inflated, howcver, since for mios~t vx~pc~y iivf:nI. only a part of U117.

tot al Width irs usecil. ror mlonitors Which emrptOY a ,11anuatl pit( h board for evenCt

drtr t ~i, t he inipt width in 'iarmIaht and each experiment is tyvpically derfitiec with the1

ininli.lil rcrqiiirr~d wi( .h. This approach res-11k in) a Savilla of hat dworf? ( oll,!)Oicit'.

(.'.cornpato torv-, bit mak)at the r Vpensor of the case of ufe and Ifi hefineicr; t'(1ii t cl

to s: t up In experimnit. 11hP lost;. of ftcyibility rpesulting from the locst, (if a inanuat

lpat h t)oii (f t! riot tv( .triet i hc aIpliciibilit y of Kion.

For-mt poesr and conipute r networks, thie input width of a mroni tor 11ia. lo be

inc re.,isecf itace the number of bits needed for an offecive study increases.. It Was

oriliirtJ11, p-rpo!sC:d Io build one Kmnwa for each procvessor it) C.,nmp. Thic, ftotttion to

the input width problem cannot usutally be adopted because of the r.)pcnse, involvecd.

3.5.4 They Recording Rate

The definition of the recording rate assumes that the hardwarr monitor has acce s

i sonic high specd sccondary storage device villher directly or through a ;vupvrvi!sDry

computer. A high recording rite is highly desirable sinc it lets an analyst take full

advantagec. of the high input rate of the hardware monitor. 1 he emccriments lperforiviciA

using Kimn indic ate that the ability to us!e the hardware titnitor in tracing, mcdtc is

vcry valimle. )n the? traring mode, the moinitor acts tihc' a fitter allowintr- selectcd

(Ilnil.u ce to be ret ordekrl. The traccd dat a is threni post *pi ccc: '.d to ~ewrtr

table-. &incl histotgramsf. There is a trend in liard-marr monitors to perform dat a
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111 0(1 toni~~d 'W1ag1 01)1'i ationl'. v"Illiml ci ow hcrdvoic. Inl the'x mr.mlorr ,j )

I roatv;ii mode n':'cd,; to be providcd.

,n), wor inc-, rAte in at fcc ted by many fart ors. III the haidv.'rr iiontior 11,.r If, hip 1h

!.pvcd btif fer!; ( at t ant I wo) needl to be provided !.0 bur!At s of dat a (at) be rt-(o1ittr cI

.il hot it any lw. . [hr high npcd l)Ljf lrrs- ncd to be nimpt oct inlto It( hr. 1naii tsr:11tr I-V Of

P sIip ( if one( I-, use~d ). 1 her. finlal itagte is !toiog I ht, dAa on) ainr,ic~nc i( toip, oi-a it I

A boil It c Ck t) I)(,h prvesent at any of thlc.c tri anfers, v'i ,tlsi a cditinisiw~fd

fv oriting rate. Inl thei c ata of Kroon, thie htifG.red ( d l~i Ivifi! mon iU. iiai erdto

\'ivA its Unius The rcordmg rate is therefore tImtited by thle sedOf Ru
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4. Th(- Ins-tticlirjn tvix Exjperiii'trnt

4.1. Introdu~ctionl

III t hir last tw hpterrn. y cx~aivined t lie, perform.-In:c P;1r.1111. tern. A t he "'al Ictin

5o.te. ~m Irv"elt 'Ind the hardwarn reonifomn11 fedlm hneqic en'lnyrd to .ad

pimiinThe. teaptr.r dt; rl'v mljor 1()enetd~eidl~ e~~v' rr

intpollIant qtlieetioiv; e' .ae dimg 11hC 0rChitecture of a eniwputcr.

011- of f thee imprort ant set Of i nuen t. t the in I r uhC Ic CVCI I n hl-

in'.trut( tiofl 1.I5;%e' i.tc. Ilie inetruc ioni mix. The inintneicnf roiN, Coruil.) neC . v~lh the

avr tilhoC t akon to eyrc ut e ach of thc individual in ,t uc tons, vcnldl-. the a',rc

o',cr dl insit ruc ton cxcc ut ion I ire for rmost sI rmetht forw ri rovmd epciita h.

This is a mr-masure of the raw speer.d of a corrpuitcr and n~o it can he iised itn coiop,11ie

diffi? em-nI comptitcrs that share the samr. archiltc' ure. It .hould he note'd hov.,r\'C i, that

in t hf pre-zent gerneratiotn Of ( orepletel'S, the effCecs Of pieieaid'ChtLLIe ii e ad (0 ac I

ne oPr. ty r :e( tir impollt e of thic incitre ion mew itn the duti:eeeen11,t I01) o~f thle

a''c*ro.c a~ve r a.ll int ru tion e xcction time. The 111Ain use; of inst rii(ion eeixi:rs in.fow en

tI e dsgm and imptcinrWittion of the instruction fn.e I proccsorn.

Another important paranieler ,it this Icevet is the uta;iie of addressing modus and

!;pcial re-gisters. [artier comrputers. had special indexy reli!-,tctr it) addition to goncrat

pure)(S registers. The utse of indlex registur considerably tspeeds tip adjdIresst

calcOlat ions for arcc-,!-,it-i arrays an() other data ,.rIr tire(s. Siceitary, in somiir

c oroptff rs, a .peei 'indire c ' til in) the inst ruti on worid indlictcd that I he adi- s

provided is; arti iatty ai pointder to the real addrems, If e f rclimmny Of use, Of IInC>Y

rfi',Cr!, wwrs re-port i'd l)y Cibs;on (GIRS 70] ;m. a !.r!Vpai-r mlut ruction in the ideY<
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a I., i c a ItI, e of It... I IportO ,iC . OUr 'A1 LiCY IS bacd (on thI iinttr tic lI on ix for 1 VI ]-J

fr t'.h(1)h v h ro a I 11 nO c plI Irit indec v, -I ~r rev or itdirr(t I hI!,. ln!.tr'd, it hl'i. F

acicir (.iv - oe whic h arti ccci with any of I her 'c o jCIrd pill pcic 'vI~ an

foljG\,.\ [I)[ C7 j 3:

1 iblc .1. 1 PDP-1 I Atdrve.!.ing Mndr ,,

NI, jmiohoic Dvsc riphocn

0 P operand is in R

I(R?) adic.. (if tlrc. cirli rim") 1 in P
2 (F?~0 )4 ' Aiii a t.ilc.dr 1; 111.l PI is, in nrr td fti.l r r-

3 ;(i'j)4 addrc 's of fihc addrre.c; of I ic Ope rand if; if i'; P I
increl-me nted after USC.

/I -AR) !sarrlie as rrde 1; but F' ist cectccmccnted before use
5 ~ R) sm a!" icdr 3; but P is, drc in C ntc'd beforr use
6 X(R) X+ value in R is Ithc acfdi esz of INhe operand
7 'K'X(PY X+ v alue in R is the ddesof the acidivc .s; of the

oper and

Rv',isters 6 and 7 hAve fsppciali:?(ed functionS. Pfigistpr 6 is wi!cd as a stack poinlter

and ro 7. is the prooram c omfltor. Regi5;tvi 6 j!; tmwiII/, ur' c with indi: 2 (p np),

/I(fuw b) and 6(ar e cra.ss; Withbin the Mtack). MPe" ielr 7 is Uually used 'with

rnocde,. 2(imcdiMtr, 3(a'Wolute) and 6(relat ive.). Gorei it'l.1tLIticions have only one

opriornd ( e.g. INCiurrient, CLR), which is specified by a sinr;le od-reitrpaiv.

Thcrr, art: also double operand instructdionf; (c.g. MOVc, AlDD, U311 tst) wii- i ha,,-e a

soulrc and a (Inst na.t ion opvrand each specified uising a modi-i-, evc pair.



.1I U!.vi of lnritructinn Kfix

t ' ~ tiiol'nf, h-stooi al. ir mi.triiction mn~i (! h c'c'ise t In.c t o l' td~lt. I)(. Jr

iliV.tl 11( 11tj ,cn cutloll .p .' of a c oimpiter. it ha'. fotind nmimy ni-ir v ~ ti:i'-. ere~

I. D(; ;Ivn of f il uirv pr e r :;. s

Clecignr of a new instIruc tion set invoktv'; tra(dt --cf, L ,I,wc -.n c i:t oif

iiiiple trc it aton mnd riaruoc Ode d or s~oft warr pnrsta n bet ..Cc opc odv

rn?( ocing: and I iuc: ncrd ed lmot pC d12 dec odin:; iod ',o cin. )CO',dc cn.

hasc' to hc)v madec regarding provie;ionc. fori. ,11 hil.t' opo'rand!s, pi efC tc of

in,.Iri~dppv inn', r ofii ncJ5, aind misisber of ~'n iipmipo-A- '.'~es All ter

dvt: C . nn1ed the inst ruction mix dit a to riiikc optIimum515chsc

2. Emuilatio~n of an ins.t rtgijion !.ct

DueI tile1 colv.Id'rl-Ale software effort vested mn the ce:i,tin" in!-tr-Uc tICo1 sCt' Iit

is adaiscosif new processurS Can- cAIiL1tc instruction scsof tiir

pr de e'.ors.Thc- O'f iCicucy of cniulatiOn (,, Is v~ inc irm (I by pi ovidi- ;, m,~ea

fcnt ores in the hardware of the new processor. Somnr! of the rmulation c an be

iperfornicd uning micriocode, some- can be done in soft ware wit hout too iiich tlime

pe'naltly. In'tvruction mix helps in dcidinc, the tc\vrl Mt whichI an instruc ion can lie

rimiitrd.

,3 Ovcsirininc- a1 ,pial puvprp-t iuipirtientation (if in e;ktn.mns.tsc t ion .ct

Thu inst ruc ion ini c data (ucan ;on-, lilmc-. ivdico( atv'l a poilIiculitr Applic at son is
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b.tiixl lia:: II fni',or of tvi ,iiY certain nhI uo hiow.. III .klc 11 .c a !.(o [,)I

pu~ripCt;i iiir.. nmr. tit ation Cin the( form~ of a new ivcdcl or a hard-itt.mv o pt ion) of

the in ;t rtlion set optimi;fed for the specific iiv.t r ti ions will hbe u,.H ut. The

a('vintaE-.' to be lgaiiwd: by doing this can be quirant ifird tving I he ts r c

41.2. Rr~vir..,vt of Preovious Work

Sttidii ; of freclowrncy (ounts for in!t ruct ion cxi iuon have- been des~cribed !)y

se \'i at ,iut ors. rhic ket1iwn i I ho Gibtson mix (scc I(o 70) dc'. c opvd by .1d(t;

C. Gil-'!;n at 103M in) 1 959. Gontor [GONT 69] has c oimpatc'1 thic Gilbsen mpii: with I li

Univct -raly of tvia rihuriet' un ix. His te- .tts correlate' well with Gtxm.on's. 'ie

substancc of thesec res;ults i!; that LOAn and STOINF account for- about sc'of the

ins.tt ic ionf; cyccutced, branches for 16'. to 3 V, index iianipiitAtions. 13 / to I E/ and

nih hinr:c2. to 1 9/. Clc. e~ut ependf n both thew 5,41 and l1"11 )ibC I pro",i ;)m

5r'1. (it her ivif~or mrixes are reported by ArlbudI~c[APfHtU661, Co-,ri-rs, M:'rcCr and

Sortiri[CCi1fliE'O), Raitlinkson and Collin; tRAIC66]. Fostcer, (;onto: and Rikc tan

[FOST7 I have Sone one step further, by ivsitigthe effi:cts of redicing the

imstruihon !;M. The evrfpha!;is of the above: ,tudies wafi mostly on the evaluat ion of

raw proc essing capacity of the central proccssor. Thec subject program!- were limited

to scor programs. Lunde [LUN'D74] mrasuredl the instruction mix for i'DP-1O and olno

studieid Ihe register iuhihi~taton and commonly occuring: instruction !xquences..

III f. c tii.~ o , ,ifiin in M. sti t tit tim., m-.~ fetiiii .ipit:.,tim ei i arip ; own Fe-yrnr fhr timi i oftii. rli!Pliet



I.. Mtshds for Obtaiinir, Instruction Mix

A ' .ii ty of mr.-thods! havc 1b c n used I by resem-rers to obtain thle iii.t rut ton1 MnIX.

IWA. Inst Uion or nmnhine ccI rr

r~a~ii:' ifi~fM WCe me ,ILI~iCt illg ;OflWArI' Irac in-"* In thi ; i1-Ottied, e'.cry

iwstrtictIion ( or Iiiaichinc cydei) is rocordeci to oht am the tw~tr C tion ( and

oiperand) value-n and ot he rrlvatinlformal on10. If a hat dOW,1 ifl i1101nit i use;d

for tracing, operating systeri exccution as wcll as wi.rr prw~'rari L'cc ut ioi c an

br! hi acr:dc. Thr probhlc imr i5, that the int, inat wro: y of the h.imdwaiOv

m)Onlitor getS filled rapid4ly anld it cannot he ciip t :ci hito S.cConciary mrs ;riry f At

rnough to avjoid o'9erf tows [BX)PD71 ]. Softw.,a- iar linrti. r(+,.y on intrIcvpivt.tion of

usc r programs ttJ, )4 W1Nfl73], with an interpret rr dczIi~r ned to 'atlhc r

I qtuire d st atl i;tics. The di civantar',e-s of t hisi inc hor are that only usv r

programr. can be traced and morvaver, the 'cxcu ttion of the I race-d mii!r

proir;4m!; gets f.lowecd down by orders of it-mit d.ris mr.thod t hereforp

cannot be used to obtain the instruIction MiX for reA-time programw. Evc~n with

these disadv'antage's, tracing has been used bc'causc SuIch a trace-; a rich

siotircr of information. Apairt from11 aICUtAting" the ins1t i i li i:(, IP (MI i ec

be use-.d to gather information on register live!;, sr~qiicncc of opcrocle,, addrvss

c alculation, locality of reference and dirstance betwcen~ branc ~hf-t. An iiM.trwc ion

Irite can als~o he tsed to drive a processor simuI-lAtor to eVi 'aft' var1iouspagLM

and otlwr algorithms .

2. Mitrrododdel riasitirvme nt facility

Rer ently [SVOf76al mirroprogrammed procezsors havc been uISed to sgathcr thec
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iiv-t rt tif lion mi:( d t a f or t I~ w iw.t ruct ion t I- .,i; 'ir. mp i t .,d on tuc 1) a

wroc c-.s-Or. Along~ with intf.'rprot inc, the iw.l rwun .et1, the inict oc ocle v. e,!

pro.'talm-le d to (otlr(. c the iim~trutlion ix it) thei f am; ! I or age avail .lb Ic' gil e not to

the Iiciropro( c';sor. Thin mnethocd is iilrto the previow; me thud bUt it

nl rodiJ c'- vcry little over-hoad and is (cr1 aily c hcaper than fe ipr~il',; a

hardware inonilor. It is however, ajpplir able only to riropro,,rairnicd

proc ssors.

3. Jump tracr

Alirndir ( AI.FX72] di-;t ribs a ',ariit ion of 1 racing c 01117 d JU~MP Ir ar i'. 11n Ihi';

meir-hoci, I racingc inforinat ion is; rgathu red only wie n the Nlow of (ont io ni'. '1I crud.

Thif; inc Ihod in Iroluc, s ic ssslw -cown for 11Lw Ce r ain bt11w h tracc

)rodu ced is riot as u!.eful as the cornplet Ictrace. 11,4nrewvc'r, to do thin ent irely' in)

iSoftware requires the cornpik r to insert ippropriatc (c d to act i',atc the I racc r

it the proper jiumip point,;.

When de tAilrd information is not required, one can obt am pat inoteis liiw: the

intuction mnix or execution profile by namplin-g ie proc ~sor state at random.

Software zsamplers are timce driven and interrupt thr ;)io~ct:sor at random I;n~

to obtainl tho indrtr iion or programi counter in Lmr at I he I itrc of th e inlcrtr pt.

Software -sAmplers therefore cannot !sample uninlrrupt able opet at ing tsyMst ~

cod*e. Moreover, separate -Eanplcri-. have to be writ ten for every operatim,

syt.tem. A 'ardwarr .amnplin~g monitor rerwc; lirhez ir!slrictions. Alfo, s;uc h a

monitor doc, riot cautc any ovurhc ad or pre.rt Lirbiit on in the opvration of the

Siy!;lcmf unchvr roe; arurery-.cnt. We hav~e tlrefore- chosen thir, )ppro.u(h for our

!itIudy.
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1.2.2 1 idicafioni of Variat1ion in the Inniruction Mix

kio*t of tle. rcesearchcrs me asurin, t he indtric tion mix~ ha'"c porIA'dl that fill-. ;:lx if

de~pcindInt onl the application area dcosen for measlfUremen. tt. .id us biie fly fallow

t hrougi~h filhe v,3riour sI die . ob-,c rving~ thle v.ariat ion inl the inst ruc tin iijr Oil il(

highre- IclvcI, there is; variaihon hetwer~n differimnt pfcA.)';(i.r. between d1 iffi.Iivnt

im-lituion Soll -SrSom cif INhi; varia~tion i!; of (our'. dueI to Itilepie .srsh

itn.ined for dif fe ient appi .-dion ace ;Vs and due to i1011- LIEU tar r1ft yOf or-~ode 14e'f i ten

from proc essor to prmcessor. It is howcevcer, ins-truictive togru FIOpcI OP(de in Il (Cli an

grotipt for comipairing difforrent intuction s~ets an wos donc by. GiI!crn. The foltingf

lable ts reprocluccdl from LunCIL.

Tible 4.2 Thp modified Gibson classification

Pcrc e tigo of the ey~rc tjild instruct ions, inl the (Gibson dose s

G iInon's LJMASS -jld"
results rcsults rC"Lutt-

IB3M 650/704 CDC 3600 FDP- 10
Imstruction c las

I olad'sore 31.2 30.0 42.4
Jsik,,.,Vr add,subtract 6.1 1.2 12.4

Dram hetvs 16.6 33.3 2S.2
FHcaltin" R(1d,;lblrac:t 6.9 0.5 4.9
ricating, moultiply 3.3 0.5 2.6 -

FlViet n,, dividr. 1.5 0.2 1 .1
1int( T'r I'Atilt 'ply 0.6 0.1 ] .1
Intf'v'r Divide 0.2 0.1 0.5
Shifting A.4 2.2 13.9
Log~ical 1.6 0.5 1.0
kMi!,c rll.-ne-Oti!. 5.3 0.0 1.5



Sv;)bodova~~vJr; l hai' c oipilc d I !,Ct of Inc. I r iicton i iwv--. for Iil( 3"M -(p0/N370

.crr of pro( c ,',orn. 1 hr !;r pro( cv~or!; havc v'r y J.irtilair inw.t r i cion -v if.. ' I ic

\'v)Idriaon in the inf~trijc ion 1lix vfsuLlts from 1jin aUi(cit'. perforined at difll it

n~. al.,1 on;.M e 1i ble given by flvol:odova i i rc prodlii c hc'ow-

Table 4.3 Inst ruction Mix at Dif ftcnt nf t allationc.

Tn~t;1II.)tion1/ Modol

5,)nford Arronne UCLA RCA
tiiiiver'i~y NatIional Iloaoi~

Labor atory
C( (!dr i ype 370/145 360/75 3E;O/9]I 70/4!5

Int'r o, store 26. 51 50.F15 25.2] .25.7
and arithmetoric

rlcati,,cg- point loaid, 0.52 2.92 2-.
!.torv a~nd ar ilile tic

flu': itnal 0.06 - -5.0

Ovr1in10 32.741 26.04 18.3( 354.2

Logical, comrpare, mnowv 18.97 17.15 1,5.41 17.1

Control, 1/O 0.54 0.37 - -

No i : IBM 370/115, 360/75 are arilhm-rcticAlly oriente'd.
13MA 3(60/9) loaf, a powerful floating pointi unit
PCA 70/45 hars an instrutilion set alm-ost identic al1to 11hat of the 101l.4 '*0.
Ili he itlion rnii: wan obi aiiwd from I r acinv user progriirn ; ( nicnftly Cobol)

iigrr- an'.o information wan avail.able in the iefe~rpn e
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I i~trs(I ltJHd;'Cai trvrt vabtOwn In thie ino:trimlitn rt-w hi Iwc ,n tv.cr I.'-' oj 'mp

and the ofprrating Fs.mu inally, ;ooo\'ra and Mattsoll [1I.D1bI Uport lha ti~tIhr

NOti. lie on mix can wiry hb Iw*n dilkrnmf ph~mL' of mw Awn of a) i Aib If vyi<,r'p am.

A.3. Statmennt of the~ Probkom

It t an be ncc n frtom W e ab~ovec dis sion M al I le r is , icn! a b a vatl fy taiti n t he

it~st r u I iOn m-iX fI01- tifi mat:hitir to machine, frorn instal..tion I to in'. tall.! ion foi. the st

iiah ifroim p ograin ito pro-,rain in t he same ins! allion andi cvi from in rr to

pa in the same program. WO prograh oritfir-11 in) a'. 'AYnH~ln the

inst r ic.ion miix will (ICpr.nrd on the partd iar progr.-siic r wrti~the p ym.Tis

trro4kt: the use of the init c ion mix for dtostrn aod ropt itm:!,tion ofp'o

sotnc wI at (lift icull Aniy me astin crew n of I he II. inch t in Irix widd ,ih is not sptan all

arva ; of applirat on of the nre astitedc proc essor, ca.nno be aswiiid lo i epmand u INh

ovecrall instr uction ik experinurecf by the processor, Sincec the We~nt of v'ariaon ill

thint tuction mix i!i tiot lunown, the p~rocessor desier farccs t)7,- foilvwing p [fallk:

1. If (lieo voriation in the incdtruc lion mix is significant, the ce's!/ performanceC ratio

clegradni if a non--rpri-'.criative mix is mranuted and mo-jre attcotton i!."Vf to

unimportant in~;ruc lions aut the expens.e of imnpor tant in-trtic lion!,.

2. A processor optimized for a baAned instruction mix is 5sl.uCtCd of bcing

u110optirni~ed for a pasrticular application area and is. thelore nW t n tievenC\'t

though~ thte actual variance in the instruction mQx from are a tn area is nugligible.

It i- import ant to do a scientific study to quantify the vahiane causcd by Ithe

dif fo-rg !ri aclr I in the ovzr all i'mt ric tion ,,yi. Quan i~c at ion of the '!irt.o(ce mA'.ui the

hardw.are architect in a',oiding t he ab)ove pit fsl. The variation in t he infl!.trCIion roni: ts



C annecd by m~any factors, no01W oif wich Wore disicu'scd ill t- ton 4.1.2. We lis;t l,* low

lhe most i irpoi tan! factors that ha',c an impact on he inst r tc tOn rIfi:

1. The instruction s(-t of the tprocessor

2. The broad ap-plic at ion are a

3. T he indiv.iduial prog'rainn belonging to the differm~it appliration arra!.

4. The~ difftere!nt phom-!s of r'.).-cution in a1 programr

5. J hI i :.oriipillar tued to translate the high level programn into thle mac hinIO lngag

6. rh tir h idi il progtamicr in t he case of a~i nlarisc-.tag': e (r m

We havc dec dect not to iiivestigato the varianice c aii.ccd by\, the dilervnc,% in the.

n!t rilict ion n;et 'Ind by the irndividual prog ramrier!; nince thPe-7r w.illI form in phte

stuLdil? s by thce isven. The me ttidN used in our Study Canl tiO'.VCeV(-e r 1yetendind to

study thle var i,,icr r iJ';e d by t i mes tywo fact ors ilso. We' will ab!.o not !tudy the

variaiire c aused by, the urse of differet compile-rs mainly bec ause iR stIcII a study, is not

to birconis too compiler specific, it needs many different compile r; writ ten for thI e

samc languane and for the same processor. Tis was rnot possible vven for the ininst

popul01r 1 lggs \'iv. rnoran and Cobol.

Th' oail of 0111r exilf-rirnr: it in 1cm Cnompare t he inc. lii'int ion mix for dif tfi r' ut

appli ation areas, programs. and exection phases in ther pregixims to quanntif'y the

variix cmiscd by cauh of these fators. If a crirtain t:,oimt applm Mtinn aica'(i'ivs

real tittle) k found to have a significantly dil brunt intu uc lion inix, it i?igt N,(

wortwir to denin mertaseh prinuionotonfreht ra. u

ill a.ii'1 application are a, all the programsir (innnot be e-x:rt cted to c 'hiAi the illc

inst ruetion mix. If the viariancc due to ind',iual prow;ams in found tn hr coriparin to

the varkane calmecd by aplication areas, it will not Ibe ponsihlc to opt m'm'O t 1
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proc c!. o for part icul ar are as. A large varianceCr?.Ulil from the diff Ii:r t ):C ceit ifl

1phI'ac s will dt feat any altcm: ipt- of optimizing a. proc c-,~or ( Or microc oce tu'.ed( ftor

imiplc 'nc t itmon) evon for a s.ir,,1r' program.

'11112 o.ta~t ;t mcat mode I prv!zc nI r- in t he next !.cc ton i!; dt-:.i,,nr-. to addi-c!si; pr ec :;c ly

I .vqnit ion. A& a by-procuc I, it will yieIl I he instrue tiOn tIIJX ( onnpo,!ed Of ON.VeI 10

MilliOn in~trLIC ti~nS 5elC ledC at random from a large. nunebe of PDf'1 I programs. We

now dte@:cribc ant expe'rimc nt designcd to study the: 'ariiition i) t he inst ruc Iion tore

c aucdc by the three, !;ourcct, Thir, type of design is k~Ilnown in statistics ar. "No-Itcd

(hierancharcal) design" ( see [AIND174], [ ;NIED671 chaplte 10( ). Confsider the int ruC ion

mi ;- a vctor of the fractional utilizations of different orc ode(s arrarloc.d in !.onriO

fiyc.d ordeor. T he nirdc he'inc, ttspc ir. as follows:4

Oltcocle IL + A. + P +

i 1,2 . .... N "o number of diffe'rent opcodes)
j J) ,....a (a number of difforrnt areas)
k 1,2 ....p 1)p number of different programs within an area)
I 1,2 . .... s =number of different segients wit hin a programn within an are a)

and

9i overall mran fr-action for the ith opcocle

A.i effect of the jth area on the ith opcode

4Avitiodiy. cme csiti~m i cm c- m.', cono~.OfPrt %s an mtro.nl !"f o 'M.it,l nr',.ted (hu 'it-rthiI) mc~ttr Tt.q'
re'llc'e, it. that our Si rIIpI-ie:., tont hii gt not hei'nc rclopi n t rnn:I. from ae limr," nii,'het to( auvil-liup

uupplit-n titste .u.:i Thtey are matlty fjcifl toeas th;.i wo %vicnt to invurtsit1te The pr .ceaomr wiffiic, Par', aie anid
th.ci- le~%,tue W ilet "o. pl "franc am lot-woet prndcme ramrnihi from ni Ite vot The anuelyvm, ulov!. not :-te
uiets-t- the 'fired't mi. l y the intripetltican 'uf the ret.euhl 0,nrte W.%htietr. min , 'hr~ten:I(.o' wk-.:I. ennF

ox*1. utre"11ceth Ice all I-10111ot.utiron nirirn on n PD131, its the 'fiemrd* n.It thi' cmr'itc 1ecr. chi., luto
rertric ted only ttc ie,.?- spmecc ,inma ti-nror, mice the. coorrpl .,f An oppin;.iicor nA , pviortti ;c.,:i rimct :wr
lu.. timg'i.- plmori tell ?pplitrcon rrnr cone thro, PlP-11 with nut 5 Arre, We lAve dvc rdoc to it.nc',n the
dii.brtiiini betor,,,, nu' w~*t i *ndtpv' -cnd P fI ty~ factor mcd-'l.



p cffcc( of tile 01 prograim ini the jt arca on the ill cpo( d

I : effct of tile 1ti) .crmm~ it in thp 0' ti- ,o,;ain in) tic jth arc a
011 tile i 1 op de

*Tli quiit ities~ A, r and S haive the followini, dintribit iois:

A. m! lahcn from U*J1OqA) for all

P if, t iI-t- ii f rom~ IN(O,orl,) for all ij

s,, 1 in Ni aen frora lN(O,aS) for- all i,j,l;

wv.' vr, INa,j3) ro prc! -vnut'. a nor.mial di .tribut ion wilh miran 1): and

Va~iIfce A3

The' maly!;k of variancc table (ANCOVA) for each opcode, is; a , fohlow ;:
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Table 4.'1 The ANOVA T~~lnI

'Youir Ce De-ree'; of E.;eldMa
of varia~nc~e freedorn c.qiiat e

2 22Applikot ton arva!s a-I (T s*T 13 1)(

2 2Prograrns w~l m all arva at(p-I ) (r A(

Se--tnm '1. wilIhin programs a*p*(t- Ic

V.hfere,

c= Variance clue to segments

2 Vammnce due to programs

crA Var-mance dUe to application areas.



I h . i .,,I1111 al v I- timnaied wow"~ the mcr .(I ii ' Iw irw I( (lIn lilt (!,It a

I. (A w,. (iLfii'i'

oI v odc avcragec fr action of Ilcih~dcoc I

for the 1% progr'Im in) 11hcj 1 ~ IT A.

op, 0(1( avl(1ar'"I I, _1 t iton of thr ilh o o deOI( or) )Il po ai ,
for Ihe jt'*rea

op odcl * average fraction of tthe ilh opcocie O-cr all arcas'.

'lIoh l jlu., fol- the( fjill~r of ;iars rc a; flo

Tabe 1.5 The Measured Sum:; of Squoi'es

in-1 of 't~r .fc i i
6v Iv (-p 1)for MuR1 Of tquarcP Z

apolic-alla,, are a! s~kp* ___ (oc o - pcode )2

pro-_r;nin within Areais S* Y* ( p oe2 ocd
I -a I k:.;)f:I

!.' tsin prograis I ~ .p 1~ op(o01'jkc opcorfe'

M- isof fsrpiares are div.ided by the c orre,.pondi'n-, (IL res of fivedcom -, v
li , pn ,,r,nr o m , TIm ANVCAIA t mkln OwkIlm 4111 ck1,,. fh.~i u ih .r.n~ ..

2Sc :. wilhiii r" t'ou du, dfilrdIly e-.thmtcs rr IN- h other I-,v ica aniti c ,an Ibe

u!1ccl to vshimate a2pn the 2 A



'1.4. *rL5tji~i tihe Nqull H-yipo1tcGis

rhreill vr two nill hptce.for vvc ry op odeI tht ( .m be i cM ted %vith out dvCM'(,n

of Ilht L':perivict.

Ity pot hrr~r. 1. Thir-ro is no differe nce in the fraiction of m~e of thrt opcode, fiom ip plic:,ition~

avea to aipplication arina, that in,

2 = 0
A

l~)O~lc~i; : Thern in no difitince in tho fraction of use of flhe opcodc from programi t0

progrim within a riven aipplication aroa, that is,

Tb.: se hypollitwer can be terled usig the analy!;is of variicc proccriurc. Cumsirler

thc ir.ilio seec table 4.,)-

tvtan square btetwren arear a ,!*a 2 n plc

Me~an nqiuare betwcren programs a 2 4 c1,

2If hypothesis I hold!; (a A 0), the ratio Fl should be 1. H ovr, if the h,. olhes,is

in fo1n; ( A >~ 0) ,Fl tshould be > 1. Morcovor, u'u ater thc cippivine oif the

fr-actional usc of the opcocte on the application arna, larger will be the \'alie of a-2 and
A



wi'.i'.ill lc thec Ihe( vz1Iti.1( of Fl15 Fisther ha. I l Ii I lic Ilirni iila I.' loirit for

th rotio clistril.mion for ,) Oi- mn dipwivc,. of hi c ont in tlic mi'r r ,ilor ;inc

cieno'imal or. I lie ob,,ervecd F v'alu~e cc c edr; fi! .h vI~cl'ali! :In I ' cif tlic c a'. .

CVCri whrn thei null hypotc Me ?~if; trim-, Thet- thut.atccI ()l 1 i ,. il II w folkcwirr

w a If Ih[i oh'.PrvC:rI F- i!. iiuch 1i s han Nhc tiabtilatcd au, ti 'en 11w iimill

lipc 1wir hold!;. Oil the other hand, if the oh' rcrvcd '':i i; lorlvrIi than I 1c!ndillrd

VOhiLe, 1 hi- Wn we M ca d~y WithI 99 / cent jenc t Ihat the mill hvpidlhri~f 15 f aic (in) ol her

woro ., i hu v'arinc e i~i -Jgnificoant at the I! level ). V-hen ihe Olnc r- 'd va i! cifly

!1i! lly Ii-!,SIthan the tabulatedC VaLue , WO cannot matoke a !.t ronc, .t atc'mcoitii~adn

IIhc n~ull hptivR

To lc!.-1 hypollic,6s 2, wr utse the vat i~mcc ratio -

M".in squiare letmrlV.ce pro-,,rans a* + (To

Nb~an sqtlii-e btwcon Fsegments a

VI c' tiev cr I- he abovc mc:hod 11101st 1ha a part1(I1 i lrV;*iI~C i '.'- -- iifict t t( hc

1 7 I eit is interesting to estima1.te thle confideiwc litlf Around thle me asur ed '10

Of the Va1-irincc ( the foririulas for tile upper and lower bound!h; are gi''c'n on) pag-' 2- 5

ini [!f(X071). This tefls us how much variability can be rvpec trd in tile tricastii-cI

v'arianrce if wire wcere tn do the wholp experiment ar~iin. If wce pt:r-form tice. V perimr: nlt

wvith more apphr ation areafs or with more pro-& rams in each ire a, thlese c onf idence

thew s,;ot tant ; ra I iti #i t; *je ly clIc n o (It b y F. W e % willl i theI iwi t I' . ;. N,. F I .1 ir I I I. ': nio (-.I It' r I 'itc, fo I
hypnifl-ptot 2, F2

I n owe umpimmsrr; ,j im~,n~l ie.! so tios. r7 pc.nd fr ri is~ ~ 41 arm mtn'I I rie1 fr I " it I t1it
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liiiwi. will *.lirink I''.i the 'ar,,mlc C au'.td by' hc. fat ioi.!; in) 1n1 ok'od will nlot be( loo

(iii f: rcnt. Sincf the i ructi on mix for a ,cg'iiic:nt I;not c oiroc d of .'Iir

flC it. !I'lIt i e-, we '.annot cictcrimine t1e coiifiden-Cc iitii. WOIWeiind the \aial ifC (Ill( 10

A1.5. flctails of the Experimient

l flw ict i ml design Of the(- e :pe rimcii we f;;ccd thr folliowiic t r adr off: ito -;ithcr anl

inl,.tr (I tint) mlix riejre w.ent ~itilye of the inm.tru.tiOnl r--2tCif tOnf thC WhOle P[D1 I I family,

of emrlerwe noeed to mew~ii.ite a large nuriteber of arpiz -tion aic a! from 111 the

aliica'; in) v.'ilid a FDPj 1 has been used; but oil the othert hand, af ic m1 iid:r of

a-Pptuti(-ion aiea ; VO LIP, thc ti required to cgal hcr and run a fcw ( at Ic a!.t 5)

repe .et a 'cprograns in) each aic a also goes tip. Vie ha-c I hcrrfoir iu ii':t Itd mil.

C:pc rimcnt to five areas which represent most1 of the in!.truction evec ttons, onl the

POP1) I fmiinuy of r.Dmp),iers. Wilhin rcaria, wr hanve .clcc c fivc rvprt' Stnti si i

pro-c amf th1at wcre beingr used b~y othe r wier-, that if;, we did! not !.Itidy -.yntlhr tic

hen hr;:ks.Wit hin rach p~rogram, wr mrnaurect 24 5ecrn,;nts and each mrc a.ute,mc nt

c:omJ:t~ted of f-impting 20000 instructions at random and ( omsIruct ing the in!.t roiri~n

mix vector. Thce followinl areas and ,)roorar worlD uscd

r. Stent lific Fort an benchmarks: 5 user benchmarks

2. Rcisirwcss Cobol benc hrnarks: 4 user Ix-ndimaim plus I !sort

3. Ope','tim-g systemsv: RSX II-MK, RSX.11I-D, RTl , RSTS, Hyldra

4. Sy!:tem. programs: Fortran and Cobol compiler ,., BASIC intvi-prtetr, mac, 0

a;e..mlcr and [tie liinkeir.

5. 0evice ore tiled sykm:graphics terminal, fro~nt end procirssor, Xcro-rap~hic



p i intrri out I nib i, proc u ( onl (11111P ( he' n'IlIy lot,!d i I I1 1/0 drv icc>) ,Y'

host1 ( controlling a largr colic clino of I I- I piocv ',sorQ,.

Si-c the operat ing; .y teiil and thle re'at t iror dcvtco 01ien tod ->~l"vt ':i v to be"

si udicd(, it only I lol that w,15. applic able for ill 111C aca 'a ad r 1onit ol. [ his

lIn i t mr-imir tim jtine h~j~lon rni:c wit bout peiltirbiir" the wr a sure-id -> ' Hfi in) any, wo '.

I v at Sc of fi ii Iat Iolv; of the har dw ain mont lor u:cci wKce) Wv Ould not 1 c K cd

c'.q ry insIt-1rtiion;ll ic plac c onl t he mc aj;I id 1 ocs.r ha Ir ac- of mlm tions.

' pIieKa "'cry hit'gh h),ndvwidt h out put cle\ire for vt(-ct%.ing t he cita hii o title

havdv.,a-rt? imonitor. We were tiherefore rw~tricted to f-is')phom int rm ti nw at i idol-i.

*Tue ri ir actutally no ji-ipir- w ay to specify s~ IctIion of I ri't r tICt~on a~t r andon- il K.iir.

K.ivuun canl be m:t up to s;c cct c very n0l instruti ion OComi'g onl th flw hos tjmbtm ,

wherf: I.-:;n-2 16 -1. Unfortunately the vaIlue of n hmi to he !,pec ificct before the

cx pcriml-C:nt bvegin!; and it then rei,-ains c ont ant I hronhoi Ili ho epe run-wrt. Wr'It. tially

clin~r a1 primec num~ber for n (typic a)l', 31 or 12?7) !.o that t hr p ic in- of Kiocri

!.YC uoni!gc~Wilit Ii sall loops onl the Rhost w,-,! avoidvd. 1 lirrv ',. still tliw po- Jl.ilit y

of a lop of rsoii vxynct irijltiple of n instructions, but we felIt that Ithis probhs m i% not

sigir ant s;ince in)m1 , xperimni.tts s;uch loop!; wcre broki~n up due to thle followving

a> orcurrence of a (lock~ or a device interrupt

b> a paiuse il fihe datla gathcring due lo overflowing Kr.tmris internal dat a Oathc riuig

butffers. The 0%/c--rflow,.; occur because of tHi ltow oultut link.

It itsout pCIs!il)IOe to (i amvple I he inst rmt ioiS s;uch that thle firsot ins It uc I) onCc iti I

kft:revery n mi otod;is selcte(d for anlse.Ihis itc I11 t isi hlOWe'c' noCt



Ltiali' for i., iri the inMtrticlion mix sjnc it at tually !ivc! time di,tr itlttioll (if the

tim r'~n'it) in r>f~iting Ille \ariouw, iw!~rucltion'. n; of the fieritir-nu of tlicii-

V -:('( 1111011. Sit)(C 'e C (Old not1 obtain a urecord of con,:Lcuive~ in!r ut iof., al $1 Ld>' Of

fric gut ~ly cycc uted inM] riuc lion ;eqUjC1CC c~COUld no0t bQ perIf0or iL c. In c hiptcr

6 wce dc-t rilbe) a .c par atc eYxcrimnc it to !.t dy the iun!t rud ion !c,c c e .

EVC1 Whi'n !;aIYnphlun IInStrUct ionn at random, it w.-sF not osilcto rrec ord Hich

0cc ir re rce of every !;iiipled intrLuction hoc autse of the lox !,pv ect of out out p it

dlevirt- ( a 300 baudl linli; to the PDP- 10). We had to perform11 cr"11)n dAt a c~t.ni

tlim s opcvvi!;ory c oipucu before storing; the dat a for p~t-po .. n.Eacl .m;;i

ill ;t liction is ce c~cd to upd)(ate the appropriate c ountev~i in lit!e nin sivianov of thle

~;ueu i~Oy comrpute'r. Afer 20000 instrtictiow; are proc c' ,c ci ( I.(-. one, cc ,int ) ,the

c-ounkIt'r valioie; are !torrd 0on S0oujie OUt put device for later proc c:-si'. Thc c ounters

are? ruiairtainvcl for the following: each of the POPJ I opcoc , 3 rriodes and 3 re-inters

for single opvrand inslruc lions;, 3 modes anid 8 rcgP;tcr- curli for (tic .'ocucc and thr.

dest inat ion operand for doublIe operand 7in-truct ions. 'Ihir, dat a covrpress ion rmc cii~ es

the aniount of dlat a that liar, to be transmitted to the oultut device for r)c)t -

proccrssingr, but it prevent-. tv; from !Audyincr the occurmmice of (roi)!:-plrod(til, of

adclrur ting mcdres and rvgisters or of !;ourcc and destination modor. Thit. study

I ler('forfl cannot answer questions like how mrany times; vither the Iourcr- or thle

(ifetiiatirn muodte is zen for the MOV initruction?

Mor-t of our ,mwr,-Uremeuits were performed on the PDP I1I modcls 20 and '10. 7The

7Thr',; mopriacid isivm' Isism, am Ct P!(S), COM.4UD, MAD(B) DLMI), NlHlilt), TST(1i). FRM(3), RMc~ ff
A!;Q1011, A!,ld:, !;WAtH. AWI7Ct), !M1CMl). S;XI The~ dats,lvI n~win.i m~ i tliibmw ;tin KM)V( b C.PI'f),
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,ilod(c I"; do riot how'.: o )l)phifi i( .)Itcd f lo~ii l 0 1poit 01-~ 'ie;: l'.l I M to 111) .I: I.- If w c'

ha.-d userd Ilie rW wr r rijodc k, Yc would h)ave crt ;tignlv di%( ovc red niort! tjf.oi' of the

Itoit ;il. pointf and tbu'iiie ;pcific in!.truticions in (tic stic nt tfl anld hultghi-;s

apphit Ation at' ew;. litorc over, t he Fort ran and Cobol coiiilc i havc, ['ccn Il u

n1ic I lhein was,, eie vn k nts c wre perfor-med and thli ncw conipdit t arc vx (' to 10 IM,

Ic II inArt I iof !l more wi!-xly.

1.6. 1*fLt:Z Of the In-rut~ction Mi~ xpric

TIh.-($ l of ouir ex pr r 111Wt are prce oted Ili Tal-.tr 1.6. Only 1 hW. 0f-(oc. and

whiu.~;'in nijd'~Which !, how Jginificant crr; (more than 0.0) rw'rcenft) are inc i duc inl

th e ta.blr. The comiple Ir in!.lrtcion mix ir owien inl appondix 13. For the ''ariainc c duc to

appl( i t ion ar-e m1 anid lprotramr., thle 90 ;, confidcnc hrlimit ar-ound Il: [te '.' artn a e

gi vc n in ;.quarr hracketck. If the variancea i larger than 100, thf, confidence lienilt. are

oit tlod. rThic 'trianciz in reportedC a!; 0 if it iS leSS thanl 0.00). SOC11rc \'AUCe Of the

varitic ar, wcgativ'c and thes!e values and -their confidencr: liits ire niot g'ivcn. A

nc-C.alwne vari-ince ri-icancs that the variation is lrs,; than what wokild I-)( red'ed if 11 uc

op( mdc frarct1Innl Iarn \,,I Iuer, WC.ri' dr awnI f 101-1 a 'Anglir inrmal; di!;t I II it io. Vilec on

illtrptet the negativc Variancte to mlc an that the variance i smll.f 711iC totl~l Varianice

for an opcode is; alviay,;; positive. Our particular- mcdel attempts to split this total

WvAri;'CC illtO thre' ark. It jwIt SiO h1APPIPns that the partiClar ' V,7IICS Of dAt a colC ldd

!;(.In( lionc- lead to a nct'ative value for- one of thcrse threc park-. Thc otM~erw-d F- I and

r2 Vi;LICr. arm olso given for eadh opc ode and the iddr-cssinS, modtcs andl rvti!iicrs. Thc

significant F vaiue?; arr, fiata,cc withI a '4'. Natc thaltiall 111 hcViar-i1n eS due to Pi ol'raiiif,

arr !;igrifir-ilit hu)(t qulite a frw variamcs duie to applicat ion area!; amri ot. It is akso



lntcrr: 1Islip, to how(rc % (lie ii.tru tonsl~. .illo lhr! iddltt .111i' lef)dc.- dIP bvjni1. wI d~ c

by il0. 11..'l c'ac ap~plircalon area. 1 abiv '1.7 prvsr id, th i r tirtio tow ,i: y
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Tab: 4.6 The Istric.tion Mi: and it, Vari. nce

Ninmibei of applif ..lionr are ;,: 5
Murrber of prt2;: min!, per appi ar'a: 5
Nurri.r of fxe mr.ot-" per prooram: 24
Nlrihber of i,,t ru iow. per !;C;gri-lc t: 20000
10o rl nhlinI:)tr of 1.tru( tionl.h !;a'ip wie : 12 million

N.;-in m .Ivf:r. a I I ivera I I var i ance var ilce vari ance F:1 F,2

Illr ,ri r, t and.--r( due to die to utJp to
rlpvi i a t i on app I i ca-- I.1i oqr arns .. r m r-n t.

t ion arva

10V 31. 21S 2 170 g0 1.221 75(4 (i, ' ,1.,... 1 * .0

BNE 59,7 1 G75 I] [2.19] 128,16] 4 2 _? 5 * 7.
.0 4.II, V .''1 311.0.5] 3H2,3] .77G * 1 G1
11l: 4.0O8'; .902 '11 5]..l2 1.,] 1 .1.4 1 7 4 ,

.ifPF? 3.S940 3.128 481.751 3[C.,3] .420 * G7 ":0, G

r1FC 3.919 1.577 10 2,171 11 17.121 1.410: . 4 1 .,

ACI) 3. C" s . I42 4 [3, b) 498 0,' 232
.AOR 3. G22 .81.8 21.8,4] 2(1,3] .555 * S 1.3

.T 3-.:. I.0G 3[0, G] 101, 11) 11.441 2
A.l .43 . 79: .110,:3) u;. .49) 1 72
CR 3.134 1.,?99 712.12} 312.3] .393 12 ,2
F1,1S 3. 1018 .718 2 f.7,3] 1 [1. ,1) .3to 8 ,.V
riOVl. 2. 124 .591 1 [.3, 21 11.152 . 4
CLF? 1.075 .121 ..L[.G.1] 123 .4 , 181
BIT 1..75 .531 1[.2.1] 111.0.1) 9GP * 4 , ':2
LCs 1.,87 .via .8[11,1 2(1,2] 4,3 2 .. e
I I.W. I. 419 .290 .1 10,.4] 1 .9, . 1. 1 242
S01 1.331 1. 13l 4[1,7] 4 2,,] 478 * .. 1 7
1I3C 126.4 ..l .410,.8] 11.3.1] .r13 2 193
DIPL 1.233 885 1 10,3] 1217, 13] 14.499 1 20
P-G T 1.174 .222 111,2) .K28 . ,

TST1 1.169 .5 1 a[3.7) 10.40 !-11 1 * M
SIB 1.1(0. 304 010,.4] 211.,) '8. 1 ,

ROt.. 1. 115 .267 21.)?] .,. . * ES

U-l11 ,G .,2 80, .4) 2 1,2 1.1I1 1 , 4"[

B1 '. .F75 .17T 11 .7 f. 5. .,S] 074 .3 * ,..

LIC .6119 .2:81 4 I. 1G .2. 2.. .274 7 2
13i13 .574 .174 .1 10,.2) .2[1,.2. .016 3 231

13l.l1 .063 .2.04 .3"11,. 4] .,." .1 ,.?) . , 0. 2.6 .r

CIRB • .51,3 .2.7 .2(0,.3 • .,.-.] .373 4 - 74

crio[ .04 .193 .1 (0,.3] .. 1..2] 1 , * 43
FAD .41E .47A 1[.,.1] .1,.lG] .030 * 50 * 91
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"-2 100)..' ...1 0 2 1

[I',UL 42: .1120 9 1.2,1) O [,713) . 1.
•.4 .2(W a .21..3) ...41...1 '. 14, ,.

F UL .""[ .1343 . .1.u, ) *a'0 ..G .

.:,o .1 2 13] 1111. .1] .044 3 r 'I

M R P 1"7;1 0 1,1. 01, 41 4 I I

ri'7.Y. *~00.1 011 .01 13
1wIp.J1 .2 .21 .1,030 .. .311 I 1

-011 111,) .1101 131 0.0..) .11, 4

C NIlF .::';) . 12A IB, l) a liB. r] .4 o, , 5

M. OS148 813 050.3 71,).[3
F'"* .1:. 0(0,0] 0 0] S 14."0.

5G .1032 0127 1310,13 .01 8 27 5
V D) \ 13"'"9 • 11•" 010.0[ 0 10 . P, I
1).,09, .0';I 13 IB, iI.l3, 1 1 P. 097 2 .P. 1

A.'..$ ,,o (3 ,131 0(0, ] [U. 1 ,
FUPI . 0.2 ..1 0 I,1. 0) .[1.0, 17 . 1 . .

7 RAP 073 .3 C13. . .33251.
A.AB061 .13E,3 ,0 11.311) 11IM.13J 602,. 1I

.I8I .17A 1 3.0) 01 a 3. ) [01 1 9(4

A1S!JF3 .1511 151 B. B [013 ( 1513 .1332 C < 4

W. I. U1- .03 1 010.1 01,0) .0, .
ASt.W .1315 .026 13 [o,01 030.01 .1310 e_ 1 1 2

FAOCB .5B10 .02(3 010.01 130 .) B,] .01 4 4

D.IV{I .110 HI.Tg .1 [. ] l 11 }I'll. 01] Ca [. .8I '

C l.019 .01 00.0. 01.0 B3% 47?,'
FASt1l? .01 0,1,6 8" 10[ , 3 (] [1, 01 OVHID .:: 1

II .01 037 0, .0] 0(0.0.7.. 04 .

IAP
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I ol Il pci.cnl of ringli, op r mrd intrrr.Iinns: I ..2 per r.nil
[:'rtcnlag..w of Indi'dui al mc dc:.s and re:e;ter Lu..a e J
for ;in-Or ope.rad iin.trctions:

0e:l 5 r0,{. 1) "13 5. 03G 71 (0, 145] 2' 7 C GB 0. ":2

In,'e I I . 7914 1.". 61o. 12A 321 (19. 76 1 11
mnr.,de 2 8. 1 ... . 5 ", r "" I IC ,"I G1
i,,.do 3 7. 790 2.939 2:3 89 .9 * G2
mr. d r 4 1.48 .939 .3[,3] 23114.'l] 1 1 53
Inude~ 5 MI .003(10 0 01 0
urcdc 6 1.. ]2( 3.. 107 33, 1301] -( [47,75] 51 4S 3 *6
111ode 7 1.,1 .721 1 to,2] G (4.73 1 1 * 11 9

0 1-0.191 3...-7 39 10,8] 197 S 1 1 * 94
,j I 1.36P, 1 . 5(,17] 70 [44,78] .5 * .0

rrcl 2 11.563 2.143 12 [0,25] 53[34.591 8 2 :ICUf 9 3 .13. "" 7P, ...
G. ~ 8.137 .,9 175 31 5 I * .36

u'ert 4 6.45G 1.2 1 [0,7) 29 [18.32] 5 1 1-3
r "q .I 5.417 1.824 1010,19) 31 [19,3q] 9 2 77

:. ,,* , 3,44] 4t] [4,75] K5st,, 914 1
rec / 14. (14 3. 6515 19B,6(] 23 0J oci

Total rercent of double operand in.iruLtionc: 46.8 perccnt
Perr nt;ege of our(e rode and register usage:
mr-di ( 24.784 4.,..G.9 1(39 4'2( 6,4M ,.. - 13 45
mode 1 8.211. 2.287 2418,38] 8[5,9] 6.810 , 14 31
mrde 2 43. 101 4.420 87 [9,13G] 49(30.54 5. .259 * 9 21
mode 3 6.b1 0 2..S05 24t5,41] 32[20,"5] 1a.197 * 4 , 4.
mrdr 4 1 .201 .431 .51n,1] 2(1,2] .112 2 '.
mode 5 .O . 0130 0 [0, (3] (3 .8 ,
m. .. G I J.S .? 1..46 7( .113] 1318. 15 1 9. :9: 3 24
mode 7 .572 .198 .1iB,.2] .4E.2, .4] .0O3 2 * 113

req 03 157. 736 9,'C 33 120, 3G] 75.4 .7 * 2
r-;,gI IS.6 05 2.985 251.51] 94 16"J,!( 41 11.9.8 2 * 191
reg . 6.152 1.18 5 1. m] G4, 7] 2135 * 57
reg 3 G. S37 1.', (5 912,14] 915,1 ] 19.779 S . 12
u'e' 4 1. ].G G.1398 177 42,-7,471 .,. * 21 * 432
re,q '., 'S.I1 ...- 0,11 11IG.11] 8.628 1 - 7
r r G 15. 8(43 1. .994 9(0,,"1] G134. 591 7. 1 171
req 7 .ng- 4.726 101 45127,53] 75.243 1 It 1 15

Perrentage of destinalion mode and register utage:
morte' .42. 1l 4.018 73(2S,1131 720-,(.1 4. I 1 .17
rnodr 1 7.21). . r40 (5,131 F.535 .7 * 27
mod" 2 1. .,/,:, I.IG.3 172 87155,3 .GM 10 7 "4
mr.de 3 5. B3 1. 834 7 in, 16] W5 (2F, 501 51.7,',,", 1
mode. /1 18.192 5. 607 152 22113, 240 . 9,?. 5, 76
m,,-dr S .017 .0112 0 (0.]M 010,0] .131? 7'
mode G 11.1317 2.72 -113,52) 27117,29) . 1,E, * 17.
mode. 7 .701 .168 B10.1] .51.'3..] ...220 1 54
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G vi I I .[ . 4 !. 5.
r 1q I 14 MIR . ][l [,N,21.1 4 4 :4g1 G. 4,4 7 "1 , ...
r-'_:,1 2 IS.tt)[ 5.1i3 123 3- .. .' i] .:n1. 4 , 17 G?

3 7. 9)4 ) .4.0i 71"1,131 11 [7.121 .. : 4 ,
' G. C 1C [C- 12 17,.13 E.. '"a

r vu S (E.' G1 1.431 G [.4.121 I 11[. l,1 I ... "4 3 - ...
r. c ; co.1 7 S.894 1I [GO G] .. ,G3 1 C. * 14
req ( 1. 1.8827 G 58113,53 G8 142,7S 12. 421i * S * :?

i, ~ -
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Table 4.7 InE,ructLion Mix by Apphcalion Area

opcodic area I area 2 area 3 area p area 5
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2.. q84'2
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E:[ 1. 679 2.723 .6 S0 2. GA .

Kl'I0 1.130 1.40 .378 1.587 1.210

5103 .07 .251 5. 4563 .2G

BIC . 0F.8 1.053 2. 083 1. 199 1.2
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(I . a 1. 134 . . 7 .2,

9192 I.27 .13 .68
F AL 2.099 .A_0 .KOB1 . 100 . (300
WAD 323 1., . ,14
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S .48F2 .544 .111['3 .442 .47

K
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/1.7. Con1ClusIions

Ili liii. chImptror uc' di!t:,-;vd'~ a maj or expertinrlrt dic'iiwi)d to addlv' .!. illc qlI'tieto

of Itie 'a.';u~iIlty of t ile in!.trud ion mnix, The mcma~ui nivi:nt,. indic' d Ilwi a tti.c.t,

'.1ilntfircail \'artitirnn In il1w ill':.1rtru I lix ni5 Cair-ed bot11 by tile af plic.udion arcc 111n1

I li(! Iniidimtl propramw. 11n a g 11'en area, bl.t 1101 by IhC difVikl JAWu. n, ph .Of C':u C Lition in)

tile irr ri t.1,/Orvovcr, diftereni instrtictioni, rxhibit dific rient belii'ior. Thi: iior-cA

hr a'iiy iirdr inttiiKIoil ( k4ov ) i aflcctrd i-0r hy !he indr.iwli r(~ii! thanl the

apple -)ion air a!. Ini ot her %vord;, w.e cannot ;pccd up I ho '-rc t oln of tilhe VM iV

ticI nn inl iopc' toc a i:;' tiamr Irer of s pc'rdip) ior ;illpoiay c''ni

V.01t. It in. I herip orf? neIl proper to at tempt to O':rp i~;' a pioc c: sor foir a

part i tlar appliral finn area.

Tlw' o'-r alt me an'. and the !;tandard (lO'.iationSr recporket for ild%ic i- at iw-ht uc I ins

at? il-rpor-1 ant inl their owno rlipjt. The o'!eritl stanldard- do.IC6 l1 ion1ad tht? liidiVidttal

variancc- are to be use ci s follows:

Supposr 'wc iiako! another tnr~ .surce i tt of the iw~trii Iion mix ii,,ing Al

arr a!;, 121 prograinr inl each of the area!; and S)Is~,irrt il enc~h

pre ram.Notv that any of the quantities At, t'I or S)I (.an~ le equal to I.

WC' thfil VAC~tr ltl te purcentage of uingre of -ay tile 1,49V iwv:.t i ion to

be' '.4 . Wte canl then say I hat KAI ar all cst imatc of the vritprcot'g'

of : !ag;c' of the K40V instruction for alt thle exccutions onl a PDP- I I liar a

"ar ;nc equal tIn
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rA /At 4 a/(AltO *l'i) a ( /(Ai*IPJ<M$

VWhorv, tile ''arianc c! are~ i hoe, give~n in) IabIv '16- for thle 1,4V

Finc . ciq th D-- ntructio ion.m isl I

r rgii c4.1 ~r'pl~i~ th PD'* 2 inct rutio (rc~uc c~y iktbut iol tigf: -1 it Id it o) jr

Mtirly It isi inti-ri? 1 ing to ob)!, rvc~ that only 1 0 inw Ir uC tion'; arC(cn mt fOr' il 011 70

pe('rnt. iit of the jim] rmtm II cxectiled onl a PDP- 11. It c an bu ,.cut from lal-l I 1.6, that

mnyVJ of t he imst rU(tIinv ar-m' LU Idomi wScc. Sirilir riwmlt. ha"c ber Uvf repod by Mlhr

* i r' i(bv h Iw !ucying thle inst rution mix. Our nc, asurcrnc tit F. indlice thIat ( Ih

* addvv,' $ifc' irode 5 ( Auo-l umd ic riet defrred ) if- alimci or-'cr usr'd and 1 000(l C dSC

C an he m1ade for its, il-inat ion. Since Our sI udv inlvokes njirlplwnmr' I.r th, 10 mnillion

innt roions; from 25 indepcnldenl protrarns, wer ex:pec t that thme true( n101.1 Vr Of tihe

inslric lion mix for thle PFJP-1 1 haS beenl Capture11d. Our rvesultfs form ai data base -which

han iiport ait applic.ationc; in thle design, itrplemer.nt ation and emualation of F.[- I a ~nd

-nimil;3r proc essorr,.

Th':r rcasurevncnt, rc\'cal nonic anoiralics. It can be !'ecn thai thle crA2 for thc JI~'P

indtructiun is extremely high. A look at thle raw data displayed in) the imstrimc lion mix

by ripplication area table (tible 1.7) indicates that thle application area confsinti,c' of

cscirritifir Fort ran thenc hunark!; rshows very high ime of tile JVP int-ruimln c omnr.alrd to

any other application area. Tis leads to the lartie value of thle observ('d \'iri.-mWcc

causudc by ippli.-mtion areas for- this instruction. Thc trouble tics ill tile ;MARt iclar
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I oI ran C Omipilc~r'R ',ud v'Ilich gcnc ratc:.:' t he JM iim.t Iu( 1ion't of Ih bi r anc h

i'AC ftiom'.

It v.; li rc '1 I g to Icol'. at the whole expel-rien t inl the liuht of the work~loadi

Chard' t'i(~ ion probk ni. folui(6'cly the di(forerni appltaion arc.a.r rppie,.cnt dif 11'ip:t

worltoad-; since it is clear I hat each of thecsec ras is. dom- . a diffcrent k'ind of 'work.'.

Thec I onrin programs arf, ianiptating numbe-s for t he purponr of ,clving V qiat ions,

ill( ic oer at ing !.Y:] cm! nir. performing the procce:.!ar and min fr: r ;hrrhIiling~ fun i onf.

whoroa I the real litine ;s.-r ar? rr,.pconcing to tlht- c'.c ntk happoilnin," if) thicl

ctivi ronani nts. Our ce erimnw nt is all at tc nlpt to c haracteri.!O i.h r intuit i'icd ', Ii (krle ni

w,&orhload., ill termr; of their inlstruIction mixer.. HI tlirm 0 it that a tl- alniW.fLul

( laroar -reit ion at such a low level is not Pos;ilblc (111C to the variAiol ill the

pro,!r aim! betonginn to he are as. Thit; ncgat i';c rc, ult f;hould not bec intrprvted at,

sayinv:. I that a cllarac teiiion at a higher level is not l)osfulc; ill firt, fututre roe rrlh

should conccotratco on the neyt hig~her level of atomc 'work' c.g. inl trmsn of

manirmilat ions of higher lrvel lat a stuctures lik~e vectoius, li!Ats, proc ci s control blodc s,

s i~ and tso on inste ad of inlegers, rna !;, bits~ and wnrtlk. as w au. done in tlhi!, t tiny.
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5. Mul-ipIrocess or Cont ention for Sh~ircd Daita

5.1. Introdcitction

This* chapter l ies ( onttont ion for !diarrnd dat a ob-.jc-t I'.II a mujlti --ploc c's,.or tc' m.

A cortimon prolirm in a riilli-.procossor !;ystcrt irs the contcntion amon, procr!s ;or!. for

shared rcourt c!. I his contention can occur at varirus lr\vek. C.mimp lh1~. upl 1]6

por-,. fi w.vhid cal incivr-neni.ly arcess 16 memory pork. througii a ci-w--.-point

.vWitchI. Thc1( lowe~A lewl, c ontcntion therefore ocCtS Mu*. .t1 teC rM.!..-piNlt .Wit~ Ii If I .-()

or mo~re prrc cst-ors o It r xi -cer; tMe -;amr; townjr) ,~, pot AIN sam .im ne, all but one

of them have. to wait. This prolemri has be-en studicdl carlirr by Str eclcrISTRE(70],

Bbandarlw-ir 11?H4AA73] , N:Credie%[MCCR73) and by ~w~tand Smith [RAFI(761. rillk r

(VUH .761 applipti lhoe i10ddr to -.pecific hardwarr configutaboons cif C~mnip and

showced that rnm ory interferencr does not c ause -seveic- dlegradaition, i.r. lesthan~ ]0

percc nt. Oil a higher lcvl, there if; contention for shamrdl dala. The !.har-rd dat a ( an

be a focw lvtesr inl a sy tem able or a large, da.ta MtrI Olr lke a1 Iinl-,ed list or a file.

On a MIill highe r levrl, t here is content ion fori-v e like the linle prirltr:'r- or. dinks, and

common rsoftware proc c'!scs for merwnory manatgemntt or wsiar miii age hiandling. In

this Ohapter WC-. investi"ate the contention for the !shamrec data strtttrw:' in Hydra.

Thr- prolAm (if contention for s;harud dlata is woivi-what rnori? difficult for a

niul~lliprocc:s.;or than for a uniprocessor. In a uniproce~ssor, s~ystem intcrgrity can be

maintained by simple trchniniier. liltc! blochling all interrupts whilc arc cssivwg c-nti-al

sy!;l Cm t bliad by aroeful C-odingf of I he intorrupt rout inc... Inl a wultipi oc(-r. c.r

how~crtIhe schedulingp and coordination of the indlividuial proc c .iorrs to ac hir\c

pal-aIlcl operation is a signifirant lproblem. One ap~proach i!. to ha'. a c onitton slmAirdc



clat at: a,; whic h (ont im'. all 111r. infog-mat ion flc c s"ary for a procc-..or to make its

~ h.dilin chr. tr.v..Ilhin is tile app, om( taken by H ydra- I he Prrc it o the opc'iat ing

s',~t cmf~r ~innp. ~htt on proc~~;.o ilimilim, Or updating" tIN!; dat at? !c , all

ci ter:tiiO be prohibit('d from accessing or mrciifying it. Thrre im? other shrvdc dnt a

*olbjt3( I. a. well MvIMI arr( also reqtii'!(d to be accec.,xc by out', one proce--Ssor at a

t ime. *rhc u'-w -hanis;i, for :;Util mI-1ALM PXCtuLI!ion in Cltmmp111/tydra ~, ; mis a ick

A ttlydrai 100% kshould not be ronfuxcd with a fscrilaphore sin( c the fori'mcr if; at ae miore

prilm-itIiVC Ic v'c: t han thI( tatIrr In I-t'(ri, the Ick;arc uwe d to in ioi~~.1c cr, to

bgah ut OfIC1 I fequmintiy acC-Cs(-d shaved dat1a objec t'10( 1;c I anld unLJ1c;"

operationrs Are !imilar to the P and V operations onl i.rmaphorcs vma pt that whe-n at

proc-* !.rr blochn whili: trying to set a lock, thue proce!.s ruinning onl thte irc.~ s

lnt ct:ts p.doff the proc c !sor. Rather, the proc C';Sfmr i., sirrply put in Ilic w.,id

sI ,c( the proce-tsor i; !;aid to be ltocked ) until tile reecipt of aninlrp c.r

signal interrupt ) notifying it that the lock has been resevt.

The, lck and unlock operations are used to implemernt a mnre goneral and

..ophistic~aled sync hroni~ation mechanism and !;or riwr'agc s' tm. h inlm..lta

qiiestion wc.: notufhl tn in\v:stipait in this Au tdy war. how hi,: h I oresrsor degurlat con is

chic to contecntion for rhared data objects in Hydra SYn)Cj roncjd y hetO.p (iIc

operations;. Thp amtount of degradation will be affcled by fihe nmpmlter of active

proc (--.$rrs, Icn~th. of critical sections (i.e. the instructions exred~~cc betweeni a

Incit/1n uulock piair), frequency of loci- exec ution and the distrib~ution of bc kfuintochI

operotions A( rms 11e different shared data objects.
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5.2. Pvi~e:VIO of Pro~vK)LI! Work

Th1e, f.oftiar,' lockouet p)rolemt3 wa!; rmockllrd m; early asi it) 19~6A by' Madliei

( .41lthf;i.'- Her (.foI(ieed at 'limpic; !,y'dcm C on est in of aj .itnc'lr critical -,('to I cl n

c ate-ufatrd (fie! lilt01 FlItMib('e ot blocked processor!s i5a ftiocli ofl of Ithc t01A dnmobe r of

procl c ,;ors it) the sy!;tcro. M-Crac [MCCR731 edci1chdd lhir, vodel to indc tc an

.arl-iltar-y niuttih-er of critical sec tion- in I ancler. Thle restilt!, !Ahowcdc that it in

zdach'arestcotm to fl''e two Slimaltt r critical scctiont, instlead of a sinclio crit ical reccto

which dopfs tile worh of thle two s-maller ones. The drsipierr!; of Hydra lw~i''e liere

c hose ni to have. muany !,mall critical ,;vdlionn in Hydrb~.

'In the lfcst Of o111 hneowledge, f!Vperillit: ntal Vori~rcationl of ally of tI c-c eicd:. has

not by 'nl at fill pted -o far. 'the sonftware bc hot problem cannot bm invl\'Oat cd tming,

sciftw are mniiorts chlic: to the cxu c!.fi'i pert urbal ion iflvol'c'd. The fart that a pcocrfcet

liar dvare monitor it, necessary for tINS tudy is probably (It(, rcason why I his.

important problem could not be! cxamined carlier.

5,3. Description of the Experimental Setup

Tilt- Kmnon was, wee in the trac ing mode to rccord the occurrvnccs of ;all ovcnt--..

relatc-d to locks. Ilie data was post-processed to recomlte ct the opcritions on- the

xvaric :. lockts and the bbocthingj eyicric.cd by thc host prnoc rs-or.

A lock is compored of thecue fields: lock count, sublod I and maM;. Thr lok count is

inlitially I indicating that tile lodck is free. VWhem thle !.hard ohjod b:'c orrcee 5 loce l, the

lot kc O it it; -N, wherte N (N '- 0) is t he number of pr ecc-.s;cmr w nil mr,, for Ili 1w rub pc.

ihe 1113locks are tmcd to crnsu? a that only onec of thle watn rc~~sgct acccc$s to
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the shaired obl:ject whePn it l)r!corirms free. Thle mmsk field i!. Uw.cd to iindii.Art- whic h

proc c -sors are blcc hed oil the lock. The schemuatic c:odl Cqece. for lockV and unlock

are( give~-n I.-)low:
L.OCK(: dcremient lock count. UNL.OCK: in, i ericnt Inc 1; count.

exit if equal to 0. exit if greater than 0.
RLtOCK: mark !.elIf as blocked. mu iiali:!! ;ublock.

T'urn off all interrupts se~nd unblock inter-rupt to all
extc-pt thr unblock prorc';sor!. blockled onl this; lock
signal. Exit.

wait.
try for sublock.
1( fails go to SL0CK.

UIMt .00,1: exit.

The~ monitor was s.et up to dletrc-t events as follows:

0I) whll a 'Inch' in ativtempir'd, obt1ain addrus~s of the tocI. and Iill ine lt ap.

(2) When ain 'unlock' takes place, ob~tain address; of the loch And( timte tanlp.

(3) When all 'unblock' takes place, obtain the timte stamp.

The first two events give the critical section time when thle attempt for the loc i; is

succc,.ful. Whenever event 3 happens, it is alwiays- aftc r vent 1. It indirt-cs that

the attenmpt for l00k was un11SuLceSsful and that the prclcc, sr war 'bloc ked'. The

address of the lock is obtained from the previous event 1. The b~lockedcltime in

determined from the time stamps of event I and event 3.

We used three benchmarks to generate toads on the system. Each experiincnt

consi-ted of running one benchmark by ilse-If and cotrc ting thle otput of thc hardw.1-re-

monitor for post -proc cssing. All the benchmarks create about1 J different proccsses.,,

each Ceecuting the same program. The processes do different amounts of comput atlonl,

synchironize with each other and repeat. Becnchmnark I and 2 are( two v'ernicnc.t- of a

parallel program to find the roots of a transccndrtal equatin [8)]. They ul!.Ctw

diffre-lent types of semaphores for synchronivrition amtong thIsrlis c thitrd
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ben lClal~rk is a rsynthe tic progrart w.hich vyr'cultcS! varii!.- l4-rowl c all- iotei'inixccl withI

Fsovall aniotint of 11ier level (oi-ipulting. A foiir h W,)! as i e1rwt i5 ': duringc the

tmual urscr hour!; to give tile freqluenCY of u.a of various lockls for I lie current

tlypi .-)l tser load. At the prwsent I imc, Cmmp is not heavily loaic~ed duunrinv, general user

sc-Tsions and mncasujrernents of C.mrnp under near saturation conditions will have to

wait until general usage of Cmmp increa!ses.

5.4. Locks in C.rnmpfHyclriL environment

The kernel of the operating system for C.unm11p is k~nown ;)s Hyr.It has. beenl

dlescrilbed ecteunsively in [WIJLF75]. We bricefly stuiari;!e here the pertinent

informuat ion. Hycdra ,solvves t he proc essor schneduling andl conrulinat ion prolem by

maintaining global data !tru1)(turiM. contaiining inform; tion rvgardinv thle tatus Of

procv .ssors and feas;ile prtcess-es. Locks have to be associ-Oted with the olbjcct Is in) this

(iatnl-,ase. Apart from these locks, there are locks onl other shared objects. Excamples

of oin object are a page, a semaphore, a process or a fil. Every object has onc or

more lochs associialed with it for a cssing different pat.. of the objrct. Sincec there

are thousands of objects in Hydra, there are also thousandJs Of locks.

INot all locks are however, heavily usecd. In our cxperiments, we observed of thle

order of 5 frequently uscd locks and a number of lightly usecd lochls. One of thle most

frequently used locks is a faibequeue' lock. Proccs!ses which are rrady to r~un art-

placed in one of eight feasible quoues waiting for a process,-or to become free.

Currently only two of thle eight queues are being usFed, th-1 fir!;t one for tetla-r

procceses and the eighth one for high priority processes . Another frequently used loch

is on the 'processor listr which is a list of all 16 proccrsors containing information
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abouI their status. Fvcry lime a processor beonic,n; fre, it ,o,. ilthrO"€ugh Ihe. feasil;e

qjjtt;!, andc file prf)ce. ,csr li:;t to determine whic~h p~rocc:t.,.;or ,Jhoul work oil the next

procc .s. The next important luci, is on the free core list. It is tihe lock on a lint of free

physical p~age addresses. This list is uscd when pagv.' are to be swalpped oti1 or

brought in. A similar lock for storage inide the kernel i; called the 'kernel storage

lckW. The lock on %lop mailbox' is used by the policy iriodule 9 to comm.iUnicale wil)

the kr.rnel. This lock is ar.cessr.d every time a process, has to be starl,"d or .,topped.

'fhe *KMPS lock' is the lock on a free core li.st which is, u,,r;d by th; scheduler to

allocate and deallocate fixed size blocks for process inforn',,ation. It is ucd every time

a process is started or stopped or when a mes sagle is ,,ent to a process.

There is another interesting lock called 'lock on a pag,'. Every data page ( the size

of a page is 8K byIs in C.mmp) in tHydra ha., a lock is.,ociled Wilh the whole pae

and this lock is always at a fixed offset from the beginning of a page. Since there are

so many pages in the system, they have to be overlayed through a relocation register.

Due to the well.-known deficiencies of a hardware monitor using information internal to

an operating sy.tem (or other software syslemsr), it ir not possil)h: to pinpoint the.

particular pagre thai has been locked even when the Ick i,; detrcted at the proper

offrst from the beginning of the page. All one can say is that some data pagec has

been Ioc:ked. The result is that even though locks under the common heading of 'lock

on a page are accessed a large number of times, the numl:.er of timels a processor has

to wail on tuch a lock is much less than if there were only one 'lock on a pare for all

pagcs. This phenomenon has to be treated in a special way -when developing a model.

A pnelity int'*it. i h 0 l1 hO dveimi(,nr; iqtaidir., resout,-o all(,c tiion nr"-,'n t uivr pio.'rami
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In addition In the above, there are a nuimber of IoC1',l. V.1ich are u;ccl vcry

infoeictenlly. Most of them occur in the overlay dlta P;'i': . and .o tihe hardware

itr, nilor i. not able to pe(!crly delerinine which lockr, ;rte I.ntiiv UwcI. We grouLped all

the. c Iock.j under the hencling 'Mi:,ccllanrou.'. These lock:, ako ha,,c to be modrllrd in

a C!C ial way.

I hve proc c..,ors on C.mrnp are non-homroenc.'o . Some ar e PDPI 1/40' ; and Comlle

are I'DP 1 /2O . Also, somi have 1/0 device. and .ome- do not. I l.wevr, ':inc e f he

I-aid are mr.nilor r an monilor only one proce.,rat a l imr, w. wel, co w -.i ainv'd Io

rm-afoure only one pro(ess;or. There is a software tracer avail.-ible on Iydra, which can

be uclrd to rrionilor all processors at once. It is, how(e.r, not suit bl for Studying

c:rib i(.-ll ion!,incccc ording an event wilh the tracer takrs aboul as much lifl' as a

typical critical s.ection. The perturbation introcuccd by tracing is unac.ccptable for this

sludy. In our cperimcnts, vorf had more processes Ihain proccsor, .o Fll the

procs sors, were buiy mort of the time We., ex'ped al! the priccrrsmart to &>x'hilbil

behavior like the measured processor as far as critical s.ctions are contcrncd. Table

5.1 presenf the measurements for the three programs.

I
I,
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Table 5.1 c'avureriient of the I.ocking l.ehvior in Hydra

Progr'am I Pioram 2 Synth lic GCneiral
load of m~ulliuser
Pro,,'.ram 3 ! ,ession

1. Average kerowl iw .1jcIion130

between Iwo Suc.ei...': ocks A13 224 5)5
2. Numler of difh'r!rnnt locks detected 53 79 1 81
3. Freq usage of specific locks:

Pioc(e'sor lit Iock 0.158 0.3007 0.1 J51 0.3420
fca.1ilklr qucue 1 0.1184 0.2829 0.1050 0.05995
feasible queue 8 0.0338 0.0056 0.0 0.0028
L.ock on a page 0.] 723 0.0 0."S43 0.234
Core lock 0.0157 0.0 0.05'4 0.0614
Stop 11ail box 0.0826 0.0 0.004 0.022
KMPS lock 0.0927 0.0 0.005 0.0
Mi cc laneotis 0.2961 0.4108 0.2523 0.23)2

4. At(cr.- liine inside a
crilical section (microsec):
Piocc' :!sor likt lock 3A1 1109 37'.5
fea,.ible queue 1 191.5 239 259.5
feasible queue 8 156 168.5
I ock on a pare 338 --- 130.5
Corn loc.k 557.5 307.4 (4711,.5
Stop mail box 282 264.,4 297
KMPS loc.k 108.6 123 134
Mir, ccllancous 317.5 461 441
Aerage for all locks 279 378 279

Run dependent data:
5. number of active processors 13 14 12
6. Total time of measurement(millisec) 17393 32924 20255
7. Total it of limes locked 2955 5041 4360
8. Total it of times blocked 130 577 146
9. -of loc.:l: that bloc'.ed 5.57 11.7? 6.17
10. 7 time spent in kernel 61.87 16.97 37.77
11. Average time(microsec)

between locks 5888 6531 4646
12. Z lime spent in the blocked state 0.29Z 0.83? 0.74"

10 Fop Me Ih pr .,'t or'$If , i, sen uompni, lthr nivtrrogt im. -Irtrion ngotwuinrn lime wor, 2 8 microsil-rce0:r.



.5. 1,11c model

V ;o tilr r tidif-. of thfe "of twai 0. o kout probtcmi I1,1d foci; r .(I Oil Lintii I 11i0dul wit 11

rl it ir ,~f-( tiollM, ocC (ti iiY' ill trlddiln Our me. af-I iIr- onl H)ydra mndi .. d Ii i 1it the

kMf kti'g bhha'ior in) tydia ;ipproxiimatcs a ridrcl vwd0h cut 11Cal !.~i;in) par-atlc i l-cd

of nr 1.111de in. FiV-!; .5A di~tasIhe I ranf;il ion tirix< for hxK i;( ccs fr, obnv,d'c for

one pru:.~ratn on Hydra. It lists the number of t incs a lok wa!i called wvil hi 100

n-ic rot-ccond of exirM'.f th previous lock. It call be ,cen that wury few of t he

troiv.il iu)?M, orc ur inl tandem.

Figure 5.1 Ti aition Matrix for t-ochI Ac L; cs

Lock nonip To tal Ti' n5 i t ion to

usec. 1 2 3 4 5 IS 7 8 9 10
1.FeaFsibi I i ty queupU I ': 50 0 0 B 0 0 0 11 0 0 191
2. r- oc:;cb sr 1 it 468 1214 0 0 0 33 0 0 0 0

r"i l ock 70 0 0 0 0 0 0 03 G G 0) 0
4i. IFisk Iock 0) V V 0 0 P, 0 0 0 0) 0

S. 1)~b i Ii ty qJUMue 8 10tt' 0 0 0 0 0 0 0 03 0 I1S
G. S~top mail box 244 0 0 0 0 0 0 (3 0 0 0
7. Cre I ock 13 S 1 0 (1 0 0 0a2 0 0 0
S. 1.ock rn a paige ;09 1 0 0 13 0 2 0 0 0 13
-9. 1 /U stj t em I ock CG 0 0 0 0 a 01 0 0 0 0
10. 11 i !i:c-I Ianfr?0u5 lo(-k! 109 0 1 1 0 0 0 0 0 0 6



72

Non (rilic :i Section Exfcutiion M - 1 I o ks(crit rr tinn r-r l

0

0

00

0~ ~ MiI.qn111cou; lockIs

L

I 

0

misco/Mmic T

U 1 Ave.rane betwenn 10ods Oil a Single prodcso

Ui Average time in~ the 14h critical section 12 5 i! M)

M m i r c i- N u m b e r s o f m is c lla n o u s lo c k s b eln g m c z cl:-

p. Probality of attempting the ith lock !5 < M - M ms

Mi fc . ........ .. . . ..M misc

Figure 5.2. The Central Server Model

P i .' / m c
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A ,inrulf, cc. ntr a 'crv(er n ocl( W1E71 ' eii' or e u'.ecc In mr irl tcIIhto

COntr ntiOn (F.Ce figureI 5.2). 111 our mcde I, the (NJ cuj-tome; r 1rr the proc c,.sors inl Giamp,

I le '.rvte itv I I. the non-c-riticAl !eC hion e~.u iand s.r r\ic- stes 2 to M are. the

diff Vru ni c Thp me:an secrvice lime of servc.:r I i!; the mc.an t ime bctwcen locks on

one proc e-sor. The ran service timec of all the other secrvers is lhe mean critical

sec tion limec for the corresponding locki.. rhe probability p, -- 0 tol' 210P

given by the relative frequencies of use of the different locks. Since we have N

procxc srors, each of which is entcringac(rit ical section with rate 111, rerver 1 wa

made, a toad depenidmnt server so that its serv.ice rate is IIp- l where n, is the

number of cu!.tomrer!; at site J

' 1w' locks classifircl as lock on a page' art- modellced as a multse-evcr. The n)umber1

Of SU bSerVCerS iS adjUsted till the predicted bloc ked time for theise locks agrees with

the ne asured blocCk time. When we, tried to model the 'Miscollanccius' locks as a

multi!servcer, the model pred(ictedc more blocked time than what w.as observedc for all the

mnicela~wuslocks, even with the number of sulbservcers equal to the number of

proccssors. We therefore modeled the misceltancous locks as K4Miis tocks in pa ratllel

such that each was attempted with equjal probability and eacth has the same mran

service time equal to the mean critical section time for misicellaneous locks as shown in

figuro 5.2. Mlis ar djusted until the predicted b~lckled time agrees with the1

Observedc blocke-C time.

The~ model is used to calc~ulate the time lost due to blocKincg which can be

interpreted as the processor power lost clue to blcking. Consider the blAocking at the

1.1 lock (s;ervver) for a momnent. When two processors are present at the server, one is
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actually re (e.iving c'rvi(:e and fhe other is wailing. Whon thire proce-.t.ors are at the

serv(-r, two proce;ssor.; are wailin ,w.

u..en givr,: a corputationally efficicnt method for c:ah:ulatir. the probalbility of P,

(C untocrs being present at the Mth server P(nM k) in the load dependent server

c a r.

(M k * g(N..lk, l4.-J)
P(nM:k) = A() (N

Whegre, the X, A, (6; and g are the same as these defined in [l3U2E73].

By pernuling the numbers assigned to the locks, one can get the probability of n

CUt tonters being present at the ith server for 0 S n 5 N and 2 !5 i. 1 0.

Friction of the lime lost due to blocking at the i.th server is

lost i = P(ni-2) * P(nim3)*2 + P(ni--4)*3 + + P(ni--N): (N..). ( 2 5 i 5 M)

It then follows that,

Total fraction of time lost

due to blocking =k lostj

In order to 'valiclate fhe model, we have to calculate the blockd time as s een by one

procssor since the hardware monitor measures only one processor. Since all

pror-c.ssors are assumed to be identical, this is just the total blocked time divided by

the number of processors N.
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Figure( 5.3 Validalion of the Central Scrvcr M1deklcl

Program ! Program 2 Pr opr am 3
k4Ma.,irrrncnt

Nimber of active,
prOt(c.s$or,; (N) 13 14 12

P'ercnit limr.: Io.t
on onVe proce-s.$or at
-;1I(', if ic ln.c ks mrrarurucd [predicte.d]

proces-sor li loci- 0.1249 [0.105] 0.1991 [0.5119] 0.1439 [0.087]
fea,.ibl qtutte 1 0.01,43 [0.0167] 0.2577 [0.1?K5] 0.0814 [0.0335]
fc'anildc qtlrctie 8 0.0163 [0.0087] 0.005] [0.0023]
(ore lock 0.0152 [0.0212] 0.)698 [0.0637]
s;top mail box 0.0066 [0.0177]
Lock on a page 0.0697 [0.1 182]

,iOAPS lock 0.0023 [0.00:?2]
Miscollaneous 0.0490 [0.0352] 0.0687 [0.1253] 0.1393 [0.4667]

Total j1c.rccnt limp
lost for one processor 0.298 [0.325] 0.831 [0.776] 0.735 [0.653].

---- ------ -- ----- --- --- --- --- ---- --- --- ---- --- --- --- ---- --- --- -- I
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Fipure 5.4 Prudirtionm, of tile Mod(l

(a) Inct, r:,( iing number
of processors:

Total perccnt time
Io. on one procetsor for a
3' processor sys4em 0.9593 2.5863 2.1046
10 processor system 1.3011 1.9816 2.8010
4; processor sy-tem 1.7033 6.1505 3.586

(b) Ut in only one lock
for all miscellaneous
critical sections:

Total percent time
lost on one processor for a

N1 processor system 1.18 1.99 1.60
3. processor system 5.42 8.73 6.85
10 processor sy ;tem 9.70 15.42 10.56
4.'; processor system 17.10 25.00 15.78

(c) Eliminating the
procet;sor list lock:

Totol percent time
lost on one processor for a

Nt processor tsystem 0.31 0.56 0.25
32 procerssor sy,.lem 0.87 1.66 0.82
40 processor system 1.J4 2.36 1.10
41 processor system 1.43 3.29 1.42

* N - 13, 14 and 12 respectively for the three programs.

Figure 5.3 displays the mea.ured and predicted perrentage of block time. The

JI
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tgrvi iont betwcen the mic wodired and predicted va~lu. is; fiily good for .rga

l,'il for programs 2 andl 3, tile actual Conitclition for the feat-ille cIiuctie I andic the

pr-oc e ,sor lis;t is 111re? than A-hat is predicted, We dio riot y(-et know Why tile aCtual

crmntf:11tion i oIre.Plu'ra-mn 2 and( 3 inlve syiw- !,hro1i1cat ran amongr 11131y

C ooperalin, p~rocesses which become fcasilble almost simultanvouf.ly. This results in

!.omc amiount of temporal correlation among processors whien they' attempt to access

the fcasible queues and the processor list.

Thc model can be easily cylended for different numbers of proccssorrs (see figure'

.A (0)). We isSuMIM ihAt tile number and characteristics of the locks do riot change

when tile nuivber of processors is. altered. *rhis might niot be entirely valid since the

ini",sC Hlleow Oti lks will rindoubtedly be more diverse with mmre processors Mid hence

M fxwill have to be increasecd for better predlictions. We decided niot to alter Milic

lhowo~ver, since using the same. Mmift.. Will giklf LM a worSe case b~oundi on the blocked

time. It can be seen that tHydrin has cdone a very good job~ of partitioning the shared

objecit into different critical sections. The processing powvr lost it, very small even

for the 4S processor case. Figure 5.5 displays the effects of the blocking for- program

We can also investig.ate the effects of reducing the numbet)r of lock~s in Hydrn. If all

the 'miscettaneous' critical sections in Hydra were to be ex:ecuted using just One lock,

considberable savings in storage will result since each object will not have to contain

spcer for a lock. Outr model predirts (see figure 5.4 (b,)) that the performannce penaly

of this change will be small for a 16 proces.sor syte-m. For larger systemn, it will still

be ad\vi!saI)le to have .eparate lochs in each object. In the current impirninn'talion of

Hydra, it is possible to achieve the necessary mutul8 exclusion without thle use of
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PROGRAM4 3
Effed ivo
P r-oc o

# PC. Nuivber of proccr.sors

Lost clue to blocking

J2 0. 79
32 0.6735
40 1.1216
49 1.7216

40 --

32-

24 --

0 8 16 24 32 40 4

Number of Proc essors

Figure 5.5 Effects of Blocking for Program 3



p~rocessor list' lock. In figure 5.41 (c.) we di.;play ouir predictions; if this lock is

climarsatcsd. The timec lost due to blocking will reduce a!. would be: cypcctcd.

5.6. Conclusions

We have presented our nieasurergwnts on the miultiproccssor contention in accessiog

shared dlata. Thr~ mcarairm--it.~ indirailo that less than I p)ErIcnt fiie if. lost di iC to

bloc king in Hydra. This negligible amount of decgradation is a result of partitioning lte

shared data objects into small segments thereby reduJ ingte critical section timei.. It

Should be noted that Hydra uses [lhe locks for sync lronization at on',' one of sev'eral

level!-. At higher levels in the system, semaphores and other ne;aeoperations are

used for sy/nc hronization which do result in context switchI overhoad 16ut (d0 not cause

anty toss of time (IliC to blocking. From a purely performance point of view, Hydr1

could have used fewer locks with longer critical sectionrs andl it would still have had

acceptable performance. This is an important result for the designers of future

multiproces,-or operating systcms. as well as for those trying to adapt a uniproceFsr.or

operating ,ystem to a mulltiproc essor.

We have also presented a central server model which predict!, the obstervced

blocking behavior reasonably welt. The model is used to exti apot-alp thle blocking

behavior in systems with up to 118 processors. Dven at 4. processors, the degradation

dlue, to tuh contention appoars to be small. Other interforence problems at higher

level., in the software [FULL76bJ will be the limiting factors.

In any real multiprocessor operating system, the actual locking behavior will fusually

deviate from thle simple ccntral server modcl presented here. For exatnple, sonic locks

might always be executed in certain sequence or sonie locks may be necsted inside
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other locks. These situations mnight have to be modred an a nletworlk of queues. Our

Mmttiy doe's not1 point Out ally major derviations fromn a ccntral fxrver mrieel for Incl.ing

behavior of Hydra, but the asSUeiptions u nderlying our model will have to be \'erifited

for ol her operating sses



6. Other Experimenis Performed Using Ki-non

lIn chapter 2 we pre .vntedl an enumeration of the interusting para.mffter-; tha[ nec.d

to 1b0 StUdir~d inl a gencpl-at purlpose (omputer system ( s ee fitguru 2.1). Many of tlic .e

;paranuiters arp relevant for* our' evaluation of C.tmip and H ydra. Hloweverw, it is n~t

possillu to investigate in dlepth all the performance paratieiters of' a complex

multiprocessor sytlem like C.nimp in a short time. We performecd miany experimciits in

011r studjy of Ilhesc piarc 1cr but we di;c ovorvci that wr did not have all thle !special

tools needed for an effective evalUationl Of a MUltiproce!,sor sy~~em. Inl Ihi!. chapter,

we pres ent many !ipec-ific ex:periment!; that were performed using the tools we had. It

ir, easy to got bogged down in the dletails of experimental !setuIp inl Sw I a case study.

We have tried to avoid this pioblem by) giving a brief dtescriplior of th1C seCtup for each

experiment and describing the goal of the exlperimntt and the interp~retation of the

resull in more depth. The experiments are dineussed along the system levels presented

in chapter 2. The system levels are

1. Hardware architecture

2. Operating System design

3. Systems programming

4. Applications programming

5. Installation management

6.1. Maurraweants at the~ Hardware Arthitectura'. Level

Kmon is ideally suited for measurements at the hardware architecture level by

virltue of the fact that it is capable of monitoring every cycle on the Unlibus.

Moreover, its sophisticated event detection ovechanismn canl be ufied to select only the
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intei'i stinp, cycle!;, I herieby removing th! ,ned for tecocrdin , e''ery Unibus cy'( le f or

post -pro( essing.. Most of our oypceriments at this level arfe direcl ed at the evaltiation of

Civimp. The mcarUremrents dinctussecl here are:

1. stUdy of memory interference w~ C.imp

2. quantification of the effect-, of the small address s.parre on Hydra

3. me.arsurem-ents of the types of memory accetss

4. a complete cycle by cycle trace

6.1 .1 Momory Interferenrce in C.inmp

C.mmp consists of uip to 1 6 processors connected to as unany as 16 trjetiCry parts

via a crrss-proint switch. This arrangement leads to contention in the switch wvhen tw.%o

or more processors attempt to access one memory port at the same time. This

problem has been sItudied earlier by 13handarkar 101lANC7II, Mvccrudic [MCCR73] and by

Baskc~tt and Smith [BASK76) uising analytical models. Ouir approich here is to actually

m-anutre the effects of contention in C.mmnp when it is eypcuttincg different workloads.

Onc, large manufacturer estimates that for each additional processor in) its

multiprocessor system, 30 percent of the additional processing power is los.t due to

meiviry contention. The loss of irocessing power depenlson many factors: the access

andI c ycle timet; of the memory, the time tahen by a proccssor to issue another main

memrry request after one is satisfied, the distrib~ution of memory accesses to the

different ports and the amount of 1/0 traffic ^1 For the overall system, these factors

Fri out "tuty tf Cin~mp, we? ermit:I itj,twvn the 1/O traffic sit- a is not sitnificint. 14owMvcr. if the
pic vezrovs are isquiplee.J with cachi' ,ermrou, the fne~rior to rfmevry ItAffir ia redti,: anti Ott, 1/0 traffic

th" en rcor-79 sitnefirant The 1/0 treflic halt a pfrteftir ch;.urlra,.stir of nctr rinu cont.rcu't,"p voiuda and i
of fect nedo to be coniwtlered omplit ly tropisuly f or nrun.,ntoevud iv Moet;



C nrthe IorI 'M.11Pn r. uing Kmion !ince it canl 1monitor only One proc c:sor at a t ime.

tM4orr'ver, sil( e thll ricitrary 'AubsySteml inl C.inmp opeirates at a faster rate than tile

UnriIur,, we crould not ase Karion ( designed for- a Uiius) to monitor ilia me mory,

stibtiysten directly. We (ould only monitor ;ceondlary paranmeterr like the lciigth of a

memricry cycle As !sen by a processor.

Tile- averiige le-ngth of a cycle increases with) thea contention inl tile switchI.

Unfortlunately, we could riot measure the length of a cycle dSirec tly snce Kinon is not

equipped with a high speed clock necessary for stich a mrasut eeint. Instead, K~mon in

provided with six onc-shot ftip--ftops which chanl;e thecir St'atc at presj'ecifiv(d timeis

0.5, J , 2, 4~, 14 and 50 microseconds respectively) afte-.r a meory cycle is initiated. By

examinincg the value Of these flip--f tops at the end of a mrmory cy Ic, we call ceternmine

the time bracket ( or a bin) into which the length of that memnory cycle falls. This in

effk.-c.t generates a crude histogram of memory cycle lengths and it tgives anl indicotion

of tlia contention. Even though individual riemocry cycle lemigths are not available, we

Canl uSe the mean time value of a bin to approximate thea avierage cycle length of all

the cy.,cles falling in that bin to yield the grand a'Ierape of the time takell to Complete a

mnicry cycle.

Our experimental study attempts to quantify the extent of mnemory contcention. We

cplculated the average cycle length f or three different worloads:

1. tIle machine: This measurement was madec as a ba:,is for comparison with thle

other worhioacis.

2. XSEARCI-: This is. a root finding program which creates 16 cooperating procosscs

execuitinc, inl parallel. Alt these processet, execute thea same; codle b~ut they all

have individual copies of thle code panes. Their activity is therefore dlistribu(ted



ihor ughout tie mem, ory ports. I his worllo)aj i!; epec ted to pf Od(.tice

ppriofimately lie 'oame (ontenlion a!; many independeh.nt L.-, rt; executing

difl-rnt programs retulting in heavy use of i1r"st of the proce-sors. The

averape cyc-le time is naturally larger than the previow; workload (itle machine).

3. 5APCHi- This is the &,ame program as XS[ARCI., c.-xccpl all the 16 processes

share the code page, that is, they all make instruclion fetches from the .;ame

merory port. A large amount of memory switch c-ontention is to be expected

with this workload.

We s.ampled 100,000 cyc-lcs at random for each of thesc three wordoads. To simplify

the cvxperiment, K.mon was set up to measure the length of ,very mne,',ory c" (le

generated by the P.host. However, sinc.e K.mons" output ratc is lrI.e. than the main

mnrtcry access rate of a POP-II, the internal i)uffcrs of Kimon overflowed after

collec.ting the cy:le length for about 160 cycle,. This rave risc. to windows of

m.asi rentt occurincg after variable times thus effectively randon iiing the

measurements. The cy.le length histograms produced by K.mcn are given below:

-.1,:. .~.~. --
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rigute? 6.1 Length of a K~iIWry Cy( Ir

Cy le length WorklIoad I Workload 2 Workload 3

0.0 -0.5 0 0 0
0.!__ - 1.0 F,3,4 39 F15 13 69153

I - 2 11401 37G 11H601
2 -5 71 9510 33411
5 - 14 79 31 15411
III- 50 7 1181

aIbov.'c 50 0 0 0

A-' 'rrt agv ngih 0.3166 0.38311 2.3 "5
milt rorai nc Old

It is interesting to note, the significant tail for COIlumn1 1 ( the idle mae Iinev). SuIch a

fail (-,,n at-ie only duie to metrory rontkotion. tin or dlat. th~in effect it. more

prnno.;n ed bectmve in) C.mimp, me mo.ry c:onflicts are aitbiI rated acc ording to .t tict

hiardware' priority of the proeessors and our- tic asurentts wrre made on a processor

having the lowc!3t priority.

It can be seen that the contention for the second workload is quite smnall. This

worl'aoad is ex~pected to cause the processors to distribute their memory acccsss

uniformly across all the memnory ports. Simple qjuuciin modrels uting a procc.'.or

srv\ice( time. of 1.2 microseconds and a mremory service limre of 0.8466 micros.ccondt;

U!;ir the averige fromn column 1 ), give the expected averige waitirw time when all

the 16, procerssor!; are active to be aboiut 1.2 mit rosrcond;. One Pxplanition of the

small1 imtlUv!w~s in the ave'~rage waiting time ob!.crved in our study is that the letigrli of a

cycle i!s compas'ed of a fixed arbilrition time, a fixed aledelay and a variablc wait,i e
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1MC ((A' ilct al mnr ory vr~&tvicc. Whe'n two or more! pro n. r-'a, tr : ciiiL t .ervr'.'C from) a

port, t heir arbitration times arc o'!(rtapped arid thus do not contribute to any

Ictiglitening of their cyc ks-. Another eorplanation is that if) worldload 2, cacti of the ] 6

pi oc coris provided with inct: pcnd~vnt instrut lion and data pap. 's and it i-,J,,-Jl

hat I he w.hole systcr divides ilseClf Into 16 loosely Oul1picd parl ~onlf leading to a low

interoremicc. K.emon c annot be uzxed to Verify therx Ce'planationls smnc C it is not Capable

of inc afairing n-iem ory arbitration time or the mcmnory a cc sst lvhavior of alt the

pro(c .!sors; at once. It iF; howevc)i, anl interr-ting, probcmn and wo hope it will be

~t uit'din atr-r inve'Alirations.

6.1 .2 Small Address Space Problem an PDP-l I

Since the PDP-~J I has a small addrn .s; space (641 K bytes), C.11MP UteS a etOf

rploc ation revistee's to access its large physical memory. Thn virtual adidre!.s' !pac of

I l'Dl' I i!e; divided into 8 parps of 8 K< bytr,. each (f thif, pu~rposc. The re art- 8

rietoc .ition reviAters ( henceforth c alled I,;R',) corre spondinv to thes-e S patios. The R*S

arp used to translate a virtual address into a physical address [JULF72). C.rim11p

utilizes 4 operating modes. ( kernel, user, 110 and unused) with 8 RR's cacti.

Cninip thus provides an environment for writing large programis anld give.s us the

unique opporlunily of observing how the small addres s sparc of a POP-1 I affocts the

cyocution of large programs. In any large program, somc imei has to be devoted to

maintaining the RR's in order to make different pages of the program acre! s i 1.,le. The

time .pent doing this is clearly the price one has to pay for writing large programs to

rein on a sjmll drs tparr madhine. Our eyperienent it; designe~d to OLtudy Mnd

qi anify thi!; (:o .t.

Wc uisedt the Hydra tystemn its elf as our test prograim. Even though the cost of usinc.
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a o, ,, hn willt a Small !ddre-. .pare dvpvn: fpre ally on the mmnner in which Ihe

101[,g- phyiJc at mCmory i,; uLSed 12, w. mli. j hat IHydra c :eling a tea,.onatle

w'c)rkload is a good c)'arrlpl of a large program u!',im a 'mall acddr'ess space. H),dia

conm-ts of aboul 50 pagf,' of instructions And data, It usIeS the tkernel FRs,, to ac.cerss

thc '.e pages in the following mnner:

Figure 6.2 Kernel mode Relocation Registers

Pqr FunMcion

0 fixed. Mtark pg e
1 fixed. common data page
2 overlay, data pane
3 overlay. data page
4 overlay. in.trucion page
5 fixed. (ommon instruction page
6 fixed. local mremory
7 fixed. 1/0 page

Note that only RR4 is usd to access the overlayed in.truction pages and RR2 and

RR3 are used for overlayetd data pages.

The experiment is conducted in three parts, each giving successively detailed

pictures. In the first part, all accesses' 3 ( read or wrile) to the Kernel RR's were

counted over the duration of a second along with all cycles taking place on the

machine, all kernel cycles and all kernel instructions. This gives a general estimale of

the cost sinc.c any access to a RR is a direct result of an attempt to gain acces!ibility

to a ncw page. In part 2. we trace individual accesses to RR2, RR3 and RR4 imslead of

12 I'm nxiimrpk,, tihe coct it l,.t if he memory is uted io ptnme lmr.r, vpectl,. nl all wotd. in a pant ain

ocnnnr:l hpf.,re %wilchi,,L fo nother pi.t".

1 1 it; impo. toot not to confu-mo rin or tewt lo a PR from lho pt '!Fam fm~ thr Pp or~f mrriit or
mc-it'/ronE it with an accrr. from thr hardware mochine for thr pupoze of Iranrtifri a virtihl adcirnt; Ip,.o
wo. m,2 contrcrnod with Ihe former.



p 1.1 (omiting the n,. Thi% if, LIMA to !.ee if the~a e'.~ to iI e Pl?':. arm uniformly

d i!;t i i I)itrd inl I imne IhroughOU I thIeI Kerne M!I Y.(!C ution) or b~umnc (Id torcilher. 4or cove r,

"i)( the ds-ta being read/writ ten is akno traced, it iv.r.,il to idjent ify redundant

writ e' , I hai in., wholn the "amr; vati is k writlc'n bad( into a IMP. f'inally, in part 3, c

t rac e each cycle Ialing place on PRhost to dleterngne how inany imrI~~nChtons a11d Cyle -

are aCtually a!.v;ciatcd with an accecv. to a RR and to O.tICJiy in rcneral the rea!;ons'

behind changing I hc RR's.
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I. pe irr¢:' nt ail Confitgural ion:
Pr oc c .or:C.mmp procr.:.or 3. (PDP-I I /10).
Workload: Hydra exec uting XSEACI4 ( swe !.e(lion 6.1.1)

PAPT I

Figure 6.3 The Rale of R' Acccs,.es.

"11 ti c ounts for the following four quantities arv provided for
sixtevn one sec ond intervaln:

All Kernel Kernel Acc .,,. I.. rt(t ion,;
cy( lc.cyclr s im.trulions to RR's per accc s
35',3000 107645 15226 93 15.52
36.2"1328 17724 1 73,13"1 5130 1A.3]
34O0:)5 78579 3356S I F, 13 I .21
3.09', 4 132763 55957 31.% 16.27
,.30 , 7 8 11509 4o2 56 3099 15.57
33,;2'Y.7 79218 33258 8 g37 8,.10
320232 77544 33161 1798 18.14
34 a20 ) 2 86569 36759 2072 17.74
312000 92972 39239 2359 16.63
401517 164:51 68575 4729 1,1.50
335477 117706 49366 3196 15.44
3582 37 82U76 35238 1980 17.79
3714135 160413 66763 4595 114.52
347500 77400 32973 1824 1,.07
372426 167739 69702 4768 14.61
100239 165053 6,953 4653 14..1

The average number of inmtructions between tR accese.: 16.28

II can be ,en thal a RI? ,; ai ccsscd on an average of every 1 6.28 Kernel

in ;tlrut ions. A!,siming one int.lruction per acce.ss, this corre!.pondr. to an overhead of
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abou~t 5. pX'r( COt. iiIt CtI ) 11hou(d b li)cl tha thiS("(fla ovr .n cow-ile'r! only th~e culi

l ime penall y. liow-w~r, te --mall address; space forr-es 1-lydcrai to tise 32 bit adldresYA'5

iriterilly ( giving the RR valICe and the dkiplaccnicnt within the page) to accerss many

rouiicr. and data object!-. We expect the !torage ';parce ovedihcad to be significant

r~irn t hotigh it did not form a. part of our !tudy. The iicyt qutirion is to dcltrmine if

;.ll the t hi-re Variable R got Ice!SL.. Witlli their~ frovqicy. 'I his is dlone ill Part

2.

PART 2

Figurp 6.4 The Accesses to Individual PR's.
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Cycle Rclociftion Kernel iinl ruclIion',
type r(o,'ter tdfl( 1,!; a ( ccv

'Nrite [ZR3 1 1
Write RP4 69
Write PP2 2

l Wif(! PR2 13
Wr'lIte RPM 56

Read RM31
VvieRIM3 2

Write RP3 9
W~rite RR425

* Vhriie R17P'3
write RP4 37

RodRR4 3e1
RodRRA 24

Wrile RR4 I e xchange
PAdRR? 23

Vb'ilnRI?2 c e:Cha,,ge
Ped P4 9

Witie RR4 I ;exc hange
Write RR3 33
Pvd.-paite RR3 6
Write RR3 0
Write RR4 20
Write RR2 5

*Write RR2 35
RodRR2 7

tRe.d RrI4 26
Write RR2 6

*Write RR2 31
Write RR3 12
Read RR3 4
Write RI?2 0
Re ac RR2 8

PedRR4 24
RedRR4 24

writ #_ P4 1I exchange
Write RR3 41
Read RR,3 97

Write RR4 13
ReAd RP3 3

P4dRR2 3
Re id RR3 I
Pe ad RR4 3
Rcoo RR4 1
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* i'(irales a iectindant write
A c - ., t.Io PV2: 12
Ac .. f., to PR3: 14
Ac,". ..-tc.. to RR4: 17

Av,.rage kcreiel in.tructions le'tween RR acc."..;: 18.05

It (an be s-en that the rncasurements on this level yield an avcrae of abLout 18

Kernl inslruclions per RR acccss. Comparing it with 16.20" obtained in part , one can

infer tha t ihe acc!,GCs Io tihe PR:; are dirtrilit ed unifor ml, in time Ihlioum hout Ihe

Kern., c'-e( ulion. Quite a few of the 'wril: arc .. e. are .ccn to be redundant Thcse

ari.x because, it is easier to wrile the required \'alue in a PR than to check if the PR

alrcaf hias the same valuc. It is interesting to oberve th'al the a(.cc!,ssct are ahost

eenly spread arross the three RR's. If one of th ese lhrr' was found to he ti.htly

Lied(, it might have been advisable to use it permanently to access the most heavily

tmied overlayed page.

It i,; intere sing to consider if the overhead of relocation rcist r maintenance rould

have been reduced if an exchange instrilction were avail ble for the PDP- 11. The

porpo'se of thir instruction would be to store the currnnl value of a RR on the ,tack

and to replace it with another value. In figure 6.4 we have iarked all the RR acces. .

that rould have been saved if such an exchange instruction were available. It can be

scen that 4 out of the total 43 accesses could have been saved. 1his would have

resulted in increasing the average number of lkernel instructions between successive

RR a(cesses to 19.9 instructions.

PAPT 3

We traced tvo different processors for this part to study Ih low levcl operations



93

It tiding I a a I'M acCC ms. rocc ssor 3 on Clamup hwI! no 1/0 dvviccm- and th~e Kernel

eX~C ut ion on it i!; limited to execuiting, the Kernel c alk. P Cesr0 onl the ot her hand,

has; rlny I/0 dlv;icc:s and it e.XVcUS ultmany ink rrAUpt rout lics. The two prioc cs ;ori;

iticle'ed e>:hibit different lracc . Kmon can tracc only a smoall number of cyc lt:-! before

overflowing. Thin gives, rise to a rather small w.indow in the Kernel ex:ccut eon to mrake

anlY Icneral comments regarding why and how the RR's are accc!sedc.Figu~re 6.5(a)

dinplays a trace for prcessor 0 to illusrate the intruction sequences leading to a P~R

rren igtite 6.5(b) dir-plays a part of a simrilAr trace for procc!.Sor 3.

'I'li traces rr'vc al Iwo different kinds of overhreadts asisociatccl 'vitl maintainiing, the

RR',,. In figure 6.5(a), 10 instruictionIs (f, thrlou~gh 1A and 21 thrVOugh1 22) are required to

call a svubr()Ltille in anl overlay page. Fi[guLre 6.5(b) !.hows that 3 insituctionls are

required to tg in ac es!ibility to anl overay data pagle and one intruiCtion in requirc(cl

to) switch back to tile previous data page. In parts I and 2 w~e only loocd at the cost

associated with RR accesses, that is, we didl not explicitly consider thlt additional cont

associated with calling a subroutine residing in an overlay page., The overall cost will

depend on how many times SUCh Su~brouitines are called. We do not have tufficirnt

dlata regarding that to draw any general conclusions. Hlowever, in a ppenclix D we

provide anl exrcution trace of Hydra which shows that 2.5 times more instructions are

execuited ill thle overlay pages compared to the common code p~age. In the specific

case of tile program being monitored inl part 2 above, we obtierve that 17 accesses

were made to RR4 duringv 774 Kernel instructions. Since two arcc:sses to RRI1 are

rectuiri-d to access anl overlay instruction page andc reltu11 rn t the previouti poge, Ole

cost of the 17 RR4 accecsses is about 85 instructions. Similarly, thle cost of the

acc-esses to RR2 and RP3 is 24 and 28 inst ructlions respectively. Thle total cost of
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mainta~ining R'R'!. is thusf 137 instructions out of 771 il't it I S percc nt ). It .hauld be

noted I hit this is at bcs.t a rough O~timate of the real tcvt inx'otv~cd in rnaint aining the

IRR's. The study of costs and benphis of iming a I 6 bit ma ihine to w.'ile lArge

progi aii ir; an intcres.ting topic foi- fut urn retealrh.



Figure 6.5(a) Instruction Trace for Froc-,s.or 0.

1) MCIV P'1,-SP) ;!savCe V,41u.1 Of R4
2) MD',V R5,-(SP) ;$ave ValueI of R")
3) KMDV R(S);put value of RI onl the stack a aparnmeter

( 1) M'9IN ? ',~ ;put1 poatr0(1 ill IN
(5) JS1R tC.($)+;jutiip to : ut-rvtit IO VAIWC *idsiS on !.t ac k
6) MOV 'ianI 1 064,45SP) ;savo value Mn R? on the slack

( 7 MOV ; 16,(P save v~alue in RR3 on the stack
SUBIJ1 is 1 2.sp ;alloc ate 5 word,; on the Mlack

(9) MIV ' ?P0.4sp) ;paSS p.asalVMr(ter to the SL.INK
(10() JSR 175,SLINK ;JUrnP to s.ubroutine *SLIll'
(11) Mc'V (I§),Q;ruve addrevs of the routime to be c-alic c to P0
(I ' MOV n 3 6'1070,-(SP) ;!,ave the valuo of PI on the stack

(11) K40V iR54yu /00;t11O1(e the nerw 1,1011. inltO 1R4
(1') JSR PC, RO ;jusn~p to sujbroutinle Who";e addrps- in P0
(I A') MVf3 6(SP),P0 ;vet parametler fromn the Mtack
(l~)BIC "3 777410,R0 ;clrar unwanted bits

(I ) M0V 26332(0),..Fm 1641064 ;rnove- new value into RR2
I. moV ()(SP),P10 ;prepare to retort %'slix? of t he to P0

(19) BJIC u'?0037,RO -returned value in RO
(20) RTS PC ;return from rubroutine
(2]) MOV (SP).,ass m 1641070 ;pop back value of RI from Mtack
(2I) RT R5 ;1r01-1-11 fi am RIMN
(2") MOV RO,171 ;!omr u!;Cful work
(2'A) CLR R2 !al
(2!-i) MOV imil64064,1 2(SP) ;miove value of R? into a local
(26) MOV 30(R1),10(SP)- ;mr)ve vah.'e into local

;address 30(R1) is 42130, which contains #s76 100
MNOTE: addressz -12130 uses new value in RR2

(27)' MOV 10(SP),r'%SP p;ove local to top of stack
(2 .;) ISR P5,.LIN'K ~ jLMP to SLINK
(29) MOV (RF5)+,pO ;same sequence as ab~ove
(30) WOV ',iv1G4070,-(SP)
(3]) hDV n,?{P5)+,#DuI64070
(32) JSR PC,6RO

(34) DVB 6(SP),RO ;and so on..
(3/1) BIC o I 77740,R0
(36) MOV 26332(R0),,ns 16A064
(3Q MOV 6(SP),RO

(3r') BIC a20037,RO
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Figut r? 65b(b) ]n'wIruio OOir ( for lior, cc!.Or 3.

( ) K4V ~ 1R2) ;ol relevant
(2) MOrV 4i-"1 6 OC,(SP) ;!ave flthe old \"alue of PP2 on the, fla ck
(3) MCV -n RIP2 ;code to find the new Value Of lZU2
(4) hMf)V I0(R2),rnttJ1 064 ;load the necw vabife in PP?

I 9) OV ~P~',I G64064 ;load the savccl valuie of R?
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6. 1 .3 Study of nit.mrwy accc;:s types

Oin the I'D- 1 1, ioniier' *woo-&, Call be arc C .cd In oil( of lut ac cc s riclr:c.: rui(!

roa.d- pdui'e, vdrite mid write-byIce. It is intcrL'iting to III' Aiigitl thec rulative frequoncy

Of IP ,' Of Ilhe'.e rodcn. Tit- mc ii!ureihent is particularly ex-~y vit h K.wo*n, .in c~ it

han fnur (ountcrni whurh ( an ibe progr-Iammeid to c Otunt the oc c ui lrt cOf I e'four

modc;. Fic.,urr 6.G prv,.unkthc, frequciici of the wg~e of t hc'.o medr. oil ciffcr p nt

moesof PDP- I I eyL' iing li, !,;lm(: pro,ripn. A PDFP J I mod~rel 2.0 nr ed ; nwO mrsofr y

C yI, . a r d~i'efollowc ci by a write) to i tie a3 .,-,h in it -. 1-iin mmi ol y. . C

I I mrrdrl I 10 , onl the- othe r hand, needs, Only the0 v.rite Boll)m. d mr'du Is, howe .'csr,

L I! t lie re ad1- paulse (yc I foir iinst rudIions like inc rirrmnt and dun re ne 't.

diffoemncc' inl the(- u!E of the read-pause Cycle is quite C\(vent in) the 011C. On of the

mn-am cs of this information is inl the decsign of carche wemnrmes. C.mrap can bcnefit

from I he introduction of a cache mnerory for oach proc cssor. lo vrbccaim'.e C.iinop

if- a trult--prflcw;s5or, the c ache can) contain only wrad-onlV words. The perccntag': of

mead nCir; ' t hus anl import ant farcfor InI determi11nincg the valu-e> ( i. the hilt ratio), of

such a car he mreuvory.
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VWfr r 'oacl: 14)'dr a vec ut irg X EAPCII ( !.vv x.cti on O.I.1).
r C iti ( (olll% ove t11..de Over oe ( clo|d (it , ". m - r hr i (i,-. for

(CO typi(l !.econ(k. arc provided below for the two piomc,,r.or...
,t'.,,: 6.6 G) Pr oc c..o 3 (P P I 114 /40}

Re A(d R C-paus e VrIi L" Writ I -I)yI C" co, al
petr lit per( cnt pei crt per( it Cv hv s

,1 2. 10.76 0.,c.0 3 .217

P5.04 2.70 11.44 0.81 350160
S'1.97 2.69 11.53 O. J 333973
5.,sl 10.38 0.,) 322 .7

2. 9 10.52 0.10 29 1.,
2.69 10.94 0.77 3h0794

85.11 2.71 11.37 0.31 35 "5
$5.14 2.69 1 1 .35 0.20 326851
35.59 2.79 10.S2 0.30 236232
U!.. 09 2.72 11.37 0.S1 363985

Mvo; : V,.32 2.745 11.123 O.SO

Figure 6.6 (b) Processor 0 (POP I 120)

Re ad Read-pause W1 lIe Wr rdc-bylc Total
percent perceiit percent perccnt (ydret:

79.25 9.11 11.08 0.56 247756
79.13 9.12 11.16 0.51 25,;720
78.97 9.25 11.23 0.56 242460
7&60 9.40 11.47 0.56 240812
79.19 9.12 11.16 0.53 23226
79.02 9.19 11.26 0.52 227607
78.92 9.24 11.33 0.51 248309
79.06 9.18 11.21 0.53 239657
79.03 9.22 11.17 0.58 244516
78.75 9.32 11.42 0.50 232767

K,.an 7997 9.215 11.24S 0.536

6.1 .4 Counpreh.nnive umibus cycle trace

This i one of the traditional mriprurevmants which is capablir of answc, ring many

i ¢ _ __...I
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qt w- tions ro ding I he hat1 dlw au? ill rhitec Iurv. Such a1 IIrae has, h)CV1 dV'c I eAd by

I11 rd tii n FI007 I I for- t he Univar 1108. To al he r !mcth a t ra d tIhe hardw are tuoni Ior

ha.to pc~w'e'.; a ver)y high bandwkdl h Out put dch'te su)h wi; a fi>~r.d( he ad drum or a

Imoi g am-ount of (ore nicimery. Utifor t Unaitcly', K.tnon I.;cl's ,u( h fC A~t, M esad iS. r inot

vt:-ry is~ ful for t Ismcati rr t It is, howec er, posesiluI to rv-cord 1 60 onsec?(Llii'.

tni 1)115 ( Y( lf l)e.fotO the intlt natl lk~uf er in K.tnon o'c rf low. We ( could ther-efore galther

a I rae consi-ting of windows; of 160 c onsecutive cycles, which couild -till provide many

of flic ;inwwrs. 7he lra~c ww, po~st -pro(c-,,.ed to yid the' Imi~t ion tn:,ft cqtc'ntly

or curing inst rtlion ;rqtj(,n cs, frequency of use of oitl c oibtalions of m~ode and

rcgit;lcr pairs, a1 histog-r;am of the number of me tiory c yd.rcs per- instruction, a

his to".r aml of idxvolt ir off the stark t ec'ister and a ntcl ogi am of t ruecliAte wodle

oper and'. lRocaive of the lIii at ion of gathre ring, only 10 (contscc.utivv c ydf-., we'~ could

no0t study the hr anc Ii disJAnC e behavior. Appendix C precsetit the iSUll, sOf t his s;tudy.

It rhIoijild he noted that it was not possible to obtain a trace consistin7 of m)ore than

a few t hokisand instruct ions. We could niot perfor'm this; mc asur mre nt on) tact than a

few nyt;tevor. The results are not very general and (to niot c orcpare very, well with

ttior.e ohlained us;ing other me; hocs. F'or cxamplr, appenli,: C dlisplays the instrUction

mix Obtailned us!in-g the trace. It shows that the instruction 'tAOV' Was usred Only 16

percrnt of the time in the tracccl instructions. This doe's not agree with the .valu,- of

31.2 percent obtined in chapter 4. ihe dlincrepancy arises be~ai.C, appendix C

rtepov ts the reSUltS for only J2000 instructions from one specific program. 1 ne rest of

at)Ipe'ndix C shoigid~lf also he used with caution clue to the same;, reason.

Fuitutre 1researl' Should concentrate on olbtaining lonver trace . of many dl'ffc rent

program'. in order to draw me aningful condluions. It will thc n be possible to an .wrr
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1miny ftlilmc~rnt'l qtic'tionm i egmding the P)()j I I ai clht-. It v nd it vi:ll il.o hlclp in

fhv ;d (l'(rl of newv .1?.lmmlctCUre<. For e-?>:ampln, it i!; inhlrw' I ino In ridt mine t he tdit y

of pt o\'idifl iime~lldiattr' operandr (3 or 4 bit s long) in IT 1 I nt.t ruc l ions. Arpndix C

di!;pl;'.ys ho~w many !;mnahl imnmccdiatc' trode ope rand!-, ,ire I! d in INhc pr oor mu undcr

study. Sii lte hiistot'ram of index v'aliues off flte Atark poinftur prCMr?nlts how

form;]l paraiwtiern pw-'c d on the stack are accc, .cc by the pro.-ram. Another

nit anim rrient ( not prve.ent ed here) is to ex amine how of tf.p ) 'M('V' int r uction tves

addrr 'sing modr 0 for its, somurc or destination op erands,. In alt !rudcxx a .cSinr;lc

ore I rnd, LOAD or sruvt- instr nmtions would ha;v(, betn ,tifficent. Thre re ma ny md

quet insthat can be answere'd once the traces are oblained. The statist cat

eyxpeiime nt presentc'ed in chapter 4 can be usedi to qutfiliy thle variance of the~

mc afo i t qu(1-antities.

6.2. Opwer-ttinr, Systemi Dcsign Level

As disc ussc d in section 2.2, a hardware monmitor is a u!scftl tool for me aruremvont- at

this loctalo. Many ri asuromotnts can bc pri-formcd without altering the operating

s>'stm, but the tafsk in simplificcd if the operating !.yslem can be mondified to nupply

c crta~in hard*-oboltain paramreters to the hardware monitor. We wilt prvevnt only thre

of the miany imnasuaorrnts. performed using Knion since these art? more generiflly

1. the execution profile

2. Study of processor hardware priority change,,s

3. functional trace of the operating t.y!skm



6.2.1 The execution profile

Exrccut iun profile refers to the me a-,urertr.,rit of the flreClicriCY yOf e>;rCL ul onf

(ifi(ereiit rcgionls ill a program. The tc-chniquc urscd if to *apethe lirogram couinter at

raindomn 1Ad Outfput its vaii.This generates a list of abIoLult' iadlru ! whIth ),'b it l' If

r annc't be eas!-ily intc~r.'Iited t)y operatinv -,y'.tC iT'pogIdim. 11tw. list is. t here forec

po-At- r0( ('led iginv a map11 of the program to Poncrratc the excution profile. It is

thcn posiabl to optimize the hca'!ity used port ions of the program or to alter the

algorithmis us.ed.

'It l-ire arp two iprobleinis, that hiav. to be !;olve-d beforv suicht a rue asufmcil t but Olurt;

toait.One probtcri-i s at the input level, vwhere' thc hard.or rnitor liar to sclCd

the r' ograin c ounter Va1Lues belonping to the operating !.y!-ttn. Thus can trimlt,' he'

donle by uning address;' corriparaturs to isolatc the operatng sy-;tcm region frora the

machinle's addrrss s-pare. The operating ;ys;tem c an alno providv I hi!. information to tire

hardw-are mnonitor usinF i;orrir! signalling rrecthanism. Thc s~econdf lroblem is at t hc

post prfl( ssing level, vwhen the mapping between the opeuratino s~ystemsf routine

namr-e and their lb olte addre!sset cannot b~e dletermined becatjse port ions of the

operating !;ystem are dynamic ally relocatalte and / or overla~cdl. There are no cGeneral

SOIluions to tt1iis problprm, except that the operating system call be progrommcd to

supply the now ovrrlay, numrber when it is brought11 in. For Hydra, vwe look at the value

being writ ten into RR4 (sce section 6.A.2) to determine whlich overtay page is being

14 a, tri nr-voc .. irt m-no~u ofi tho r'utirur-t. iii thr pr,-Irrm wilh tht-.v abr-ohirir ilirorr.4rr
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v:x I!( Lit io pr ofili? for I tycra i'. s;hctw in) ippi-ndix D. riun wor arwi ill helps, ill

tciig which routiw ic'. hoiuld 1) inl the res.ident pait 111d Which shudbe ill the

o'!Grl.iy part, it hars also helped in sclcc 1mg routin s for optiizat ion and for

inuplr rientat ion inl mic roc ode. It van b~e seen that (On~idV1'Abt- limre in being,, .,pent in

hei rr'gi!-,tcr savie/ re,,tore rotiines. Thr-,r ore nattiral c andidlates for imple mr it at ion inl

inicco Odc!. O)ur anl *,; progrmvn also provides a lint of routines. ordered accordino to

the number of instrtkctiOn !-AMplns fatting inl I h m. It Call he seen1 that many of the

C omony ui~ rotin'; eg. ENQ , SEI.CTE ,,nd 1?1EQrFCO in, page 4.1, and~ MKRN.C ill

-de 3) canl be moved to the fixed code paige the-reb-y avoichno chinging P - evi'ry

I irii !hey mie c.alled.

6.2.2 Ch~ange- in the processor hardware? priority

Th.- PDP-J I ha!; eight pricerssor priority levels. Exec ution at any of thus7e tc\'els can

only I)(- interrupted lby an intolrupt occuring at a higher priority. IHydra usEs a

C onc'ntionthat the ti,i2 r pr oppar a! (anl (-xcc ole at pfroc c .sr'r levvts fron) 0 1 brouih 3

And tile operating sytlem executes at tevcts 4 through 7. Different devircs cause

interrupts at different levels from 41 through 7. Sinc device interrupts have to be

serviced within a short time of their occurrence, it is necessary to restrict the

operating systcm execution at high priority tevels,. K.mnon was %iscd to detect high

priority executions, cxcceding a certain threshotd time. Since procvessor priority is not

n',ai.bhiI as a signal an the unibtis, special p-robes were' connected to the the priority

bits it- the procc essor. Kinon was programmred to detect the c hanges inl priority tev'el

and rr'cord the time at which the change occured and the addres.s of the firl;t

instrtiction fothowingv the c hange. The rcUpervi!;ory p)rogrami on [.!up detected the

exectioni; exceedincg the threshold.
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S airplc outlput of INhis expcrimcnt is providvd below in figlirn 6.7. The' idif?,!. of

11Ii i UC I Ion (inc liiding t he po~go number for *(li5.r .in theW over l.iye cim i-r IH I o

p ;iges) following the ris;e in the priority level ir. given ,o that corr iv e i~ction c in be

dlirI?~ ed at the proper placc in the oprating sy!.1ii). In figure 6.7, all the high

pr iorit y c) :rc ul ion wvs C ausc by device intorrutpts and 0 wcI (lirvOtly ru porlt Ihe

dtvit-(olinc, the ifltlrviiipt in stead of nivin'g the ;rddie !. of t he i ntri ut r out inc.

The following meatrm Iwas- performcd to detect the hig'h priority ec(OlutiOn

v-xCct dini, one inillie c-cnd.

Figuire 6.7 Chan-(-! in Proc es-sor lHaidw dre Pr iority

Pi ior ity 'ar, Devici: Hokw lone m 1o'o.r

6 loc at Cons;ole TI Y 30'' 5
6 loc al Line clock~ 20J51
6 loc al Console TIY'3672
6 local Line clock 2S2 2
6 loc al Console T1Y4195].

6.2.3 runctional trace of ani opuirating rystcm

The' purpore of thir, measuren-tent 15 war, to mrasui111 t he CPUJ and 1/0 proccssrng

charac tcri!;tic-, of PSX I ) A4 for use as input to a simulation model of this operatinc,

system. A set of major processing functions were identified for use in the model. These

wrre:

1 (rnhinal inpUt 11111dling1

task activation

1 a';k initiation (wilh and without chec kpointing)

15 T,;~ ~;,ge' it ws p', fomntw'd gevrly by l)p Dot motl Brdin of Mr l Et'l m lciiei', Coerp vn:l I he. nut hr
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task evix(it ion (a Fort ran prog'ram with Iiul)r Out mec al dik 1/O "nd anl

ovc'rtaiy Otr U( ure)

I ask I erminat ion

itrminal ut pt handling

A nitiroti-~' of plac ; in the operating sy-0cni cod(e wo~re then identificcf !.o that a trace

of r!)(r: ul ioni at l;eplacc't irs !.uffic ic nt to ,ivcv the ti me irgqit td to pr' rform the

abov(: functions. One word fin the opvrating data arrca was, dec;qgntcd an~ the

'hook' word and (ode was introcluc c at t he!.e plac c to write a v'alue lin the h~ook;

location 1o uniquely identify the place. K.mon wos SC t) to delec t Ally 'W6it&

operation into the hook word i.d rec ord the value wiuil tr'n ind the htie .t mp. All it:

comm,,nd! givcn to thbe dinks were als-o nimntared nepac-itrly by Ifactlnr all Ole 'wrilo&

oper;itions; into the device registers ( s"e sxc tion 6.5i for- another eypc'riict

performrid by monitoring the device registers). The outpu.t of thc monitor wasi then

analyfsed to live a complete trace of activities of thip operating sy-,te~m and the diks. It

was iwc,.!esary to rwtr ic t the cec ulon to I Sinle1 use;cr "c tiln a ,Jiple protrallm in

order to interpret the trace SUCCc-SSfUltv. A sntralt part of tlhe trace is included in

Appendix E. The information obtained with this nicasurL'rnnt can also be obtained

tracing the events in software. Thc only reason K.mon was used for (his fieasuremlenlt

was to introduce negligible perturbation in thle operation of the operating system.

6.3. Systemns Programmiing Level

This. teve include's the compilisrs and th~eir run-fimr: systcn-, the uitility proorams

and the file t-y~.enit The exec titian profilp ( sce previous Xch ton) is atin theme

imp~ortant parameter at this level. This levet is, ctaractcrtsecd by a .trunr interact ion
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Wilit i e operatlig system. It is therefore intervesting, to mnonitor t he ta rvicc c allk to

the operating sytemr. On the f'DP-1 1, a !ervice call ir. initiated by cy.etuting a special

inst rmuton ( [IAT or TRAP) and t he operating syspton rrti tins to t he usri akf-o m.6ing a

5lpvciial in!At ction (RI I or RTT). Knion was prooramri(d to moinitor Ilie( MCC Util On f

ttieseC inst rtic lions and rec ord t he type of (all and t he time Atamp. 1 his yijeld!. the

frec~iienc y of use of the different service calls and the histogram of the ex:ecuIion l ime

for e .4.h. In somic corses, the ner'ice calts to Itile oper-ating ;YsiA- ,m consumle a significanlt

amnount of the totat exr:c t ioir tirne of a system!, .r ograin. It i-- normIitres pacssille to

alter an atgorithn timt elimninate certain service als and hence a mc, asui enmnt v.as

de!sq ined to give thle totat timec consumict by cach) call in a Fort ranl compilcr.

Table 6.8 lists the instruction addresses in the Fortran Compilrr frori where 1an

r m-inig ,ys;lem s.ervicc (alt is, niadr. Ani intui tion addic :,s is uiltn>ly dtent ifiiCI tby

the pair (overlay number, addirss). For each instruction addrepss, the mayin-tui time

!'Pent in the operating system to comrpilee the call frorm that address is gi%.en r along

will)i thle total timie spent in the operating fsystemt clue to a call at that adldress,,. The

total numnber of times a call at a particular addres:s is e'xecuted is also given to guide

the optimiz!ation of conpilrr algorithms,

The. mreasureiriente, were made for the entire duration of the compilation foir a typical

user program. The Fortran compilcr was the only program running on the computer

when the measurem~-ents wcre made.

N
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Figm Pe 6.8 Time Conw.umerd by CalkI io a Foil r an Cornpil'r

rotal Imne of nicSaL.uem in: 21036 nilliseconds
Total tim , in!,ide the compilrr: 9 1111 milliu( ond " 42.1 percent

)verlay adhe s,-S maximum total number Descripltion
nuriler (octal) time tlie of calils

rlrft Oe'c r. t O.eC

not (000() 2 ;,07 514122 2;-0'6 Q[O he ov.: inly handir r
root 6036 31569 316073 227 Q10 from, the o,:rlay handler
ront 10502 127q28 21 I4,5 1 265 Q[I froill the fith. sy'.tem
rool 10640 1 40(;91 5735124 207 File W.atcm: Wnit for 1/0 co,,,pICton
rnot 10652 2256 1]10]4 205 Filh stc,' : Wait for 1/0 completion

0 22466 64," 5816 9 Fiur initiiiiat ion
0 27272 1570 39625 39 As-. Io-:,ical unil nurniner

(,il.tr to (hannel nu mbr)

0 27406 1491 40328 40 A',ign lovical unit number
0 37024 662 F1565 13 Get tafk paliamcors
0 1 7032 -81 8711 13 Get toa!.k pa;ilers

0 171 14 565 7341 13 Set .;oftware trap vectors
0 17754 81 8038 12 Get time parameters
0 20230 375 E636 13 Get ltask paramelers
2 13640 1127 13021 14 A.,sign Iogical unit number

( for he file sy.stem)
2 13754 1202 14031 14 Assin Iovical unit number

( for Ihe file syslemn)

This nicasurement can also be conducted in software, but a hardware monitor can

gather this information independent of the operating sytstem as long as the same

ins;fric(ions are used for call enlry and exit.

In order to help reduce the overall lime required for rcmpilation, the following

experiment was performed. K.mon was set up to monitor three states while the

compiler was run stand-alone on the machine:
1. Compil.r execution
2. Operating Sytem execution
3. Wait for a device (usually a disk) to comph'te Iranfer

.. .-I I I •I ll il i i. ..6 i. ..., .--'' = -.. ...



107

I II. Cllpi itl of tile eypeiiit iiilii(1125 tile peirctag.? of tiii pent inl (XcaI of thle

Ii s~~ it;.A largr, wol ing little iidic.dcto: poor ov:ra .truc lUI C of t he comp~tilL r.

EVC1n thOugj'h in) a m1111l i--pruo-rammi ng sytlem, a iarpe wai i', imc- does not nvc c .Artly

c awEc cicrva!;ed thlroughput, it does inc rce as the ie,.ponii(: time c :pcric nc cdby thle

Lu~wc rs. *his mni ;urecmc nt call be USed continually to quint ify the improvc rtit ( or

othlitrwvine) in- thle se'-,.ecution of thle ste progra*m as roodificntions are( made in the

p~rogr am or inl the operating s;ystem .ileorithn-s. Figure 6.9) p1riiet-, our re-ult. for th-e

Fort ran c omipile r. It call be secen t hat the c onpift r P.:hibit -. a poor- overlap structIure

spending over a third of thle elap!sed time- wailing, (or the I/0 ( omple lion.

FigureC 6.9 Fort ran Compiler: Overlop Stri, lre

Total imie of measurement: 33380 milliseconds
1 ot,) ft tu inl thle I ker !tate: Hi22? inilsc nr i'l,6 perrrc ni
Totl time in) the n'on-user state: 15007 nmilliscconcls :1'4.96 permcit

re:akdown onl non-user ltle:
Total 1/0 wail time: I 154'4 milliseconds -31.58 percent
Trotal operatina system overhead: 17'23 milliserconds - 5.16 perccnit
Total file system overhead: 1619 milliseconds - 4.27 percent

6.4. Applications Programmning Level

Knion is designerd for P~r 1 1, which is a mini..eomputer and c onsecitictitly, wc wcere

not able to ipply it to any large installation su~pporting many applicitiont; pronramn.

We therefore have limited experience in the applicability of a hardware monitor at this

level. Instrud ion exec ution profile remains the most imnport ant parameter even at this

tcvceI. The problems, mmntionerd in sction 6.2.1 are c ompou01ndfed by the fa, tht the

execution profile at the high level language stIatement levecl is required by ihe
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app)lii ations. progrOMrser; atl this is very difficult to obtain ,;ing a hardware monitor.

Therv are many ways to get around these problems. In our opinion, the u.e of a

hardware manior for this measurement becornes lumiyi mid not generally applicable.

The best solution will be to provide the neccssary facilitirs in the coiripilers and

operating sy';fems.

6.5. Installation Management Level

A; rn-ntioned in the previous .ec(tion, K.mon has not been applied to any large

in~tall.3tion .upporling many users, for which install.ition managoem.nt is necessary. The

main p rformance parameter at this level is the cquipmrnt utilization and ove-rlap. We

therefore designed an experiment to measure the overlap between the processor and

any device ( we have restricted our attention to disks and drums only). We did not

consider number of jobs per day or the average CPU utilization 'as meaningful

nearmirer,;ents with K.mon.

Since device, are not accesecl through channels on the P017-1 1, we experienced

one .. implificalion and one problem. The simplification is that separate probes are not

needced to monitor the channel activity. The device registers are accest;ed through the

unibus and so they can be monitored with the address comparators in K.mon. The

problem ari.es in the definition of 'overlap'. In conventional machines, the channel bu.sy

and processor busy signals can be AND'ed together to detect overlap. We defincd

overlap as the number of processor cycles between issuing the start read/wrile

command to a device and receiving the completion interrupt from the device. Clearly, if

Ihe processor executes a WAIT instruction immediately after giving the stMart Command

to the device, the overlap will I)e zero.

II I I I
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Kmon if- !ic tiup as follows:

I-A'nt 0:. 1 rnicrosecond clock

Ev'ent 1: 'write' into any dlevice ieister. Whon (11 Icc ld, out pts time stA,1P

revi!;ter addrv .s, value1 being writ ten, v'alue!; of c ounters I and 4.

Evcnt 2: fetch of an interrupt vec tor. When detcc led, out pt imr. st amp,

interrupt vc tar addrM.t;( thif identlifiWs 11l10 deVi(r e COLKsingc I IC

interrupt), VLe of counters 3 and '1.

E\vcnt 3: counts in counter 3 the number Of Linil)US CYCles. initiated by tile

proc essor.

Evcnt 4: counts in cotlcr 4 the number of all unibtis cy lc,..

Tb.' trace in analysrd hy n program which interpretsq the C oiroands; given~ to thle

variour, dcf\icCS, and effcctively reo onsructs the device activity. It can, for c) arnple.,

find out -which cylinder of a diA. was accessed. Thlt previous position of the clink orm

is av;Iil.;blc to thle analysis programn from its interpr etAtion of the prev'ious command,

he ( it ( ain deter mine t he mia~nil tide of t he di!lk am in mevcr iirnt for ver y ( orrmn and. It

can also determine thle number of words transfered with e'.'ry c oruimand, [lhe time

talxen to complete seeks and transfers and tile utilization of the clifforent units of a

device. Overlip is tile dlifference between the v'alues of counter 3 betwcen e-venIt 1

('go' command being given to the devire) and thle following event 2 ( interrupt). When

a device receives. a read/write command, it cannot arccpt any other comnmand until the

transfer initiated by the first command is complete. So the utilization of a e'c

similar to th~e titili~at ion of a channel) can be defined as the total time a de-vice wris

busy divuided by thle total time of measurement.

Appe'ndix F contains a -;ainple oujtput of this rvpc'rimcnt. 13cc awe of tile lnw output
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b i nd('vi(JthI of K.inon, t he trace c onw;t k of marly windlows f(rm the actunal erml ion of

Ihf Iw Y.1tvil. rhk~ Cr Id have beeten avoidevd by ut.inlc; a hy 'bu twmr wherv t he timin

and ovc-rta; data were obtained with K.m6n and the irmaining data obt,)iiwd by

in'.(*rtinv ! kiit aIbt rr re nt code in the operating sy Aeni. It is. however ad\'it.;jbte

to pc rforrn the eyperinment without modlifying the operating vsy,,toi, vsin e then the

vsamc eyperinmcent can then be used for- ineavurerrients on any opuratinr s~ystem.



7. C oncdu ions and Further Roscich

Inl thw iver~ A on we' havc cocCortdof tihr( tnt (V4II it nt mi'd Aavi;i,';; picbleri,

of Cc r: ipt ti .te at the halivw1 andi t'cter i the tiperat i 1 cw t ,Ye-k net

(If M ign l hvO!,k In t aio r 2 wo (-,'. oned t hc-11re mt n cr at v )iou. sy! Cm1-

lvck and( dif-;c u 'ed t he applic .tblec arV'ue eic-nt tools. Siiw e Our interes-t tics, in the

phic-iimc n a (o-cring the r a ntc of a f ew int ,Ir u ctIioniS, thfe most a1)pr opr inteC

m c o r .ir v mc nt tool for our pur por~x xis a harci aromfitor. A hardw are mornilor,

oc*ris a'raic tool appli.-ible to other cy lcvc\'ICs vcll, so sonic effort

war; c':otcd in Mtiidying the hardwa,,re nonitotng tIcChniqucs in ie neral. A bri ef

le-.ciipl on of our hardwapr mnonitor Kinon was prewentF-d in) c hiplr 3.

ChIMP1 or 4 di!;c usse t a MAjor Cxpe ritilnt cie'-;Igr n' I to -,ddiu'. !- the(. qucst ion of the

v'ari.3i a;lit y of the iwt rut hn Mix. The experimcrit wart designed to quantify the

variance caused by 3 factors and to enable Cornpri!;or.n of their effects. Application of

statistical experimental design methodologies is relatively new inl the field of

performance evaluation. We hope our success will trigger more interest in the

scictilific des-ign Of Cyperill-I uts in this field. Our In .~ieetsIndiVcf at rhat a

statistic llly, significant variation in the instruction mix is caused b~oth by the application

area and the program in) a given area but not by the difforent pha'Ies of execution in)

the .amc program. ]1t is thereforp not advisable to attempt to ove'r -o 1ti fil 7 a

processor for a particrular application area. We al!;O quan1tified an ituiti%/el'y wCll

undf'i stood fact that all the atldrvessiiig odes. of the 11011-1 at r, inot equally u,,eful.

For c~otible operand instruct ionfs , mode 5 ( auto -tet re mr tt rleferri~d ) i-, almostA nc-vt'r

u'-ecl. Many of the instructionis wr.re also shown to be !seldotn usced. Thei.e reSlts~f ar-e

ittporltnt for the derign, implemerntation or emulation of 1-I- I or similir proccssv-rs.
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I 'r too, ri. in any, oter inquiry, .insw"i to ne Wt of qum'iiona, give rme( to new

qilerst '00. For c/~ample, IoOf OutC ajpplicit ion ai ca utciff high levOl langi isges ( Forki anl

a1vid 1,W)ol). It wo ild he in'd r PIinc to ii0'e 51iEatc, the vat nci (11W 1 to e UI'C LPi Of

dr ffIcl itor11pik rs. In Outi ntudy, we- have iiooCrtvd this cf fcct 1by )!';-mwing that simsil ar

,iwrine sIn,1t reIionS will be used to arcovnitih the tp 5 and amiount of real 'work*

hem'l dirtan ded b~y a high tev~ ' 1' Ilairuage ';taitcu it, inidepenident of the compile r uMad.

Sul 1%u aysinimption certainly nced!; to be nyc st ig alvd. Ht il also be interesting 10

eur for ii a siii;r experisc sit ron a tat-ger mriihiic for .vhich Cobol (or iic r! havc e c i

av.aik~bte for many years and w-.hich possess Cobcl- pccific:5i~ ii isistruclt 1005.

It is interest ins' to tool' at the v',holc e>xpern m Me hyd CittO the w.orkload

c harac teriz'at ion problem. Intuiiely the difrent arplical on are as typrceent diftcrent

worlkloadn sinc e it in clar that eadh of these areas in doing a different kind of 'work'.

1hle I at I an progrm! ar! ianpWil atjo nmbers for t he Ipose of solving e.qiua liOns,

the operating qysIt'ms are per-forming the procssor arnd nwi. mory schedufling func tions

whea. tHe real time systeirs Are respondirig to the eve:nts h~ppinning in thir

envo nnts.~ Our expemment is an atempt to c harac terize these intuitively diflerent

world~oads in terms of their instlruct ion mixes. 11t Iurns out Ithat a mneaningf ul

characterization at such a tow level is not possible due to the variation in the

progr ams bohnging to these areas. This negative result should not be interprted as

saying1 that a chtarractcrw;ah on at a higher level is nol possible; in falCt, fuiture research

shouild c oncecotate oni the next higher level of atomic 'wor);' e.g. in termn of

manir'ulialion!. of highe r tevc V t:Ita Mraut urf?!. like vet tarslt, proc e . control blockls,

and ctrings. Chapter 5 analyind the problm of software tar lout for multi -proc ensor

operatinig systems. In order to maintain system integrity, ccrtain Wtariud object have
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to be( ai: coc-! r (I b)y onlIy onc prot: w 'or at a It in. SuchA "I Iij I 'IA.1-11 V 40c l V.ion give'. Iir. to

(I I i I !.r.( Iions. of (Ode whiI I id. (n bef I)( cc Litc'j y only' one pire- (-.,.or at a r wW Tht

iestilt . inI a tC) .,; Of tir if a Iproc,,',.$Or hd! to w iit to oc e ss a .hmvid d.it a ol)ju U nt il

it hV(OW .m-;' fi et. W(I I.;lcrwcd that in H ydra, only tlrrc' pat duelers conti ot ill( tiflc [(),t

(lifie t0 '.of I viarp 10( 1out1: tIC ae w IC-nntjll. Of (t' 0i dICiJ '.-2 HiIPs th -tjativC

fi euenicsOf ul'.C- Of the var-ious s;harL' data objccts and [lie nuniber of pruc csnurs in

heI systIemi. In ()their yi mthe critical .c 1 ons. mirlht b~e nc-tcdi inside onc; anot ticr.

A diflo rc nt model wilt havo to be evolvecd in these cases. We' obseCrved( that 1dra ha

beenI qIt it C ' UCccssfl v.ith eCSpect to the s.Oi W ai c IOLout prIObl III; IM , thanl I

perr c nt of timei wafs lost due to lo Lout Len for a fairly L.us;y y'te.Hydra c ont aiM:

many Ohared objec s buit thp cmilii at ection tin-e s have b~ee n ke-pt s.mall resultno in

sivallv: r lost time. It wight be nlc'mesting to c onfsider ot hcr decsigns where fewe r and

lIrWg01 CrIitical1 section arc use,;d with (perhaps) some saving in c omnpltcty or time

without paying~ too much penalty in lost time.

ChaltEr 6 discussed other applicitiotns of K.mon. K.mon*- limitations bocotor

appatrent in) the study of the mcnmory contention problem and also in obtaining a

cormplete memory cycle trace. Future hardware monitors s.hould havec provisions for

man5i ii iili mrry cyd (IcIimncs and for tracing e ach tmchinie c ydic. It Camn be :i

howe.',er, that a hardware monitor is applicable at alt the system levels and this fact

should be kept in mind when designing future hardware monitors.
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Ap~pendix A: Survey of iFzardware Moniint'ing Techniques

A.I. Introduction

A list of per for man e par amic ter, at varil)(1t. : c levc)"~J and t he varintls

ex~petIimc nt- pt'rformcl u ;ing hardwart? irinitort to gallic r I c'eparamc Icrn wrcre

di! C J'! d in' thle previotus chapter. This chapter survc(ys. the harvdwire tvOtitOrlinc'

ler hniquies that have been uic-d inl the paSt to puVrformi i hec.c ric asur emeints. Thc StUdy

of hardware monitorim.- sy~dslnr is b~roken dlown into thir dimcns~ons:

2. the evcrtt rv-sponsec specification

3. the. display rncc hwanismi.

Hlardwa--re monitoring systlems from the initial 101A 7090 monitors to tile C urrent state

of the art mionitors are discussed along these dimn.ens ions.

Per formance monitors for computer sytems, are av'ailabtle in) many forms , often1

designed to me arure vrry different paranmrterrs of anl operational sy!tem. Pefoimie

wmonitors call be broadly ( a-ssified into two types. Fitsi;, the hardware monitors capable

of crtsing b~its and word!; of the computer !sysem's status. Second, the software

motnitors Cipale of iilterrooatinfg software stutrssuchi as quetter atnd job, tables.

More recently hybrid monitors have b~een used. These are hardware mvonitors assis;ted

lby software onl the measured isystem to obtain information which is not availaible or is

difficult to Ect for a pure hardware monitor.

Variousv computer professionals have diffrnt reasons for initiating tneASultW enet Of

a computer systern. These include gaining understanding of the clynar tfftiavior of a

systcm, observ'ation and prvdiction of the effects of hardware and software,(an--
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obtainintg. pararlictern for analytic or simulation modclliin; and WOcl~ \'alirat ton. The

l)(rfor monc c paratre Iri at '!artbu! Wlcv s in a otipule n: trm are al',o dhi lront.

F ICAre't 2.1 attCrnPt- to ChAractcri'.(c the perfornmaiw c pal'alc tors at m'dtiotI !-y!.lcm

Ic eC . and qg.gents th himst vabla ;jwr ormin tic asure!me nt tool for c ach level.

Sinw c t he perforinic c pataiid ern at any level depend on the par ancter?; of lev~c I

1Wlow it, it it; pos Jl(t to me anturl! paaesAt ally IcLe Sing W OtN mant ap plic ale

to tower levels. The hardlware monitor therefore, in a useful mecanurernent tool at alt

sytmlevelIs and an idispensable loot at tHie hardw~are architeclt r and operating

systvrt k~ernel design level. Earlier Imrdwail; monlitors w~ere rcestricted to low svt emn

eve Il!. but most new corm cial monitors are c raed towards, the inst allition .t~~

and ipl)Picat ions pro,-,rammecr lcvcls. This fact nhould be WO pt i ind whet, c omparmng

past and present corrmcrc ini hardware monitors.

A.2. Fmctional Components of a Hardware Monitor

Ih- tat dw ate monitors have evolved over time, from simple summary devict,! fr the

'flK4 7090 through plug. board monitors to today% proerammable monitors chien by a

miri-:ormper Central to allI these monitor, hcrwree is tHie concept of an c\'ent'. An

event is the occurrence of a partictular dtatb on the sys;tem under mecasurement. The

event we ire interested in can also be a comnbination or a secquc~c of other events.

An event can be as Wimpe as an occurrence of an instrurtion fetch cycle or as (omnplex

as the first operand fetch cycle after executing the instrttction at a certainl bc ation

Whidle executing a particular utiers program. Somic monitors sample a slowly varying

ipt siginal for being true or fake at a cedrtan sampling rate. The occ urrenice of the[

wainpli~~g i*;t7 can he' comlmrdc an evmAu for the purlpo; of our dk ussion.



122

SiP r'cn k c an he fso compte9-x and !sinc, C' iftkrif twrv(n e.d to bc isr;nitorl?d for

diffecren t expopritivint!, the event detct ion :nc.haniwii is. the mw)~t imiport ant part of a

IirdwiiIP monii or. After de-tt-ct ingc an event, the moonifor (anl juw.t inci emient a counter

or iip-date a historram, or t ime -.1oamp thl-e venlt anid store it inl the sEt ondary MIorm',e.

Ili theory, it is possible to store every evrnt with its timec stmp and all the other

infnrinalion and litcr process the whole data. It is howcevcr moc h rnicrv economicol to

do so-mc selection in the monitor itself and restrict the flow. of data to only pertinent

informiation or some conden!;ed formn ot the -omiplete informawtion. On the other hand, if

only the condensed form of informiation is, obtained from-i the hardware ilmonitor, its

Lutility' is limited to grosr. mcastirerrients. Event re!spons!e !.pec ificotinn is- therefore

anothcr important aspect of a hardware monitoring system. inalty, 1hte vatlwred dat a

ha!; to be prvesented in an understandable form for the Soer-11Som of the data (anl be

prestnted white the data collcction is going onl, some has to be post -processe~d by a

comrpnter and some data needs to be stored to build a data-base. How file data is

prtmcnod it; important for the monitoring systemn to -iin icccptancc.

Be fore we discuss the characteristics of e-xisting, hardware monitoring systeivs, let

us. briefly cnumnerate somc of the experiments that can be performned uISingr hardware

monitors. The experiments span mecasurements at all system lev.els shown in Figure

A.1. Sonme of the performance parameters at the Lipper lcvrils are best obtained using

a softwarr monitor even though hirdware mpnilors have lir-n usecd to obtlaini thirse.

We hav!e restricted our eyperiments to those that need to use a hardware monitor for

any cf the following reasons.

1. Events at machine cycle level are not accessible to a .oftware monitor, e~g.

overlap of 110 and CPU, cache hits.
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2. Software monitors are oftcn dependent on he oprating, !,y', cm. This make ; it

nctc-t..ary to prugrmi ! cparate moniloar; for each operaling s.;Icm evcn when

the operating .;y,.tcms are written for the .;amc machine. Malcovcr, !,ome

!.oflware monilors require the language coip-lers to be modified.

3. An artifar.t or perurbation in introduccd in the m'asu, :d system with any

software measurement technique. This artifact annot be ignored in ,ome

important experimcnt,, e.. mcasurm'nrnt,, on Winri critical operating sy'..jl:m

f unc tions.

4. Some measurements are prohibitively epansive if performed in software, c.g.

comtting in.trulion usage or accsses to an active data sir ucture.

5. The hardware monitor posscsps hilgh speed counter, and a high rolhtion timer

without which most counting and liming ineasurnmnits are iponsile.

The applicable reasons out of these are indicated for eac h experiment in the figure.
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A.2.1 Event Detction

1 11o inlput to a har-dwire menu o it; t110 Va.'aiims !ttJ! b ,lit$, bu!. tnsanld tre"I terS ill

the s.y .tem uinder nic;anijiericnto ( catled PRhost ). A hardwva, monnilor u!.ually pa!;sivelIy

01C n V . he\'Iies of the input ipnals. Hligh inmpedlance probes, are provided so that a

very ,alla load is put on the !signal under measii ur eirint by connecting the prob~e to it.

For a goneral purpose monitor, the probes need to bv c atibrated for the 1spec ific

voltziiic vatites in the PRhost. There is also a probic rr of snc hioni;:ation ftinc e the

Probe input is not v'atid when the corrrewonding, !ijgnal is changing its, fttae.

In M e earty m-onitors, event detection was achie\'cct wit i the help Of a loic pIlug

board that consi';ecl of an assorted coltec lion of oates, tlches and cicodcers. It was

thwro'forn \'r'ry tinir. c onrsuming to set up anl c-:pceionnlit or to wi c. 110 f 1t1 em on

eyperimfent to another. A look at figure A.1 will ,how that one of the most irnportant

parkl (if evcent detec hon is- addrv!ss comnpiri!;on. 1t is necersary to be able to detect the

occurrence of a specific address. or any address in a Civen range. It is also important

to detect paticular1 Values Of data being acccssecl or those of other probe int)~S. Most

modern monitors are programmnable, that is, the function of the plug board is ach~ieved

by setting bits and registers in the mionitor uinder the control of the supervisory

computer ( called Pfsup). The hardware monitor designrd and built at Carnegie-k4ztlon

University is a programmable monitor ( called Knion) . A brief description of K.mon

evcllt detection is gi\'cl below ms anl exanple of pro-tramimable mionitors.

Tho- even~t detecting part of K.mion is shown in Figure A.2.

The. event detector s~enses evcnts at the unibus cyclv( i.p. memnory fetch) lev'el. It is

composed of two types of modules, comparators and bit rnasks. A comiparator has an
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intv('rnal regis;ter ( 'eCt by P.!;Up) and it procliic es twoo out put sink ifuput rcgister'

and 'input < register'. A bif ms)f~ has two internal rvrigktvrs ( setI lb P.!.LuP) -One

,pecifics the car(, don't care conditions for each hit, the other fspucifics the cxlpec ted

bit pat ter n. A ningle otOPUt inldiC ales if [tic input fsatisfives the 'rpcifc ie pat tern. Sitnal

inputs for the compaiators and the bit iisks are arranged in) four groups: iinibLtis

addru ss, unibiu data, mircellaneous probes and (ontrol. The cont rot group incIldes

Unibus, control Fsignals. In the ( urri?nt impr. rnr. Mat ion four e(ctk can beC definecd

In sonirp c ommerciat mornitorn, the plug, boards are rc IrOVIl(' and pro -wired p)lug'

board.; for certain standard experiments ire provided. AMA [H UCIIl'4] has an

interv-ting way of event detection. It has a monitor regi!ter w,.hich holds all the

selected input signak. The monitor register is suitably rnaisked and) then corm-pared

simultaneously to sixty four bit patterns in a conitent addressable memnory. The

matching pattern determines the event that has happened.

Thce Waterloo h~ardware monitor ( RCtdM [KAORG73]) imptcnirnrts a very sophisticated

plug board in which s~ome of the connections can be made Under program control. For

e)xample, it contains a programmable 16 X 4 switch matrix which allows up to 4 of its

1 6 input signal., to be availaIble as its output. It also has programmable combinatorial

logic units which accept 8 input signals and yield one output signal which is any, logical

function of the inputs. There is a hardware unit to detect (fie scquences of evcnts. In

addition to the above, it has comparators, interval timers, event/time counters; and

character detectors to aid event detection. Even though the hardwnrv componernts are

programmable, the inputs, to these are usually irom) the pluc, board and thp ou1Ptput 11r

also uisually available only on the plug- board. This arrangement allows small chanccs in

the experiments to be made under program control withouit manual intervention.
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A.2.2 Event respoime specification

Whe n -an evont is detected, it is omtessufficicnt to jutsl record the fact whereas

-it other imnesct, it ir, nc c'ssary to rec aid more information like the address or data that

cau"C d t he cven'1t to take. place. A time stamp and lhe values, of internal couinters may

akno be re~quired for later analysis. In the early monitors, only summary type

iniformiat ion waf; m-ade avi.lablr. So the only te-~pons;e to any evfent was to incremrent

an initrnal (okntpr. This ic, sufficient if only gros;s average V Ale-S Of I he ,,reaFsUTre

quantities, arte required. If however, one needs to generAte l,,sto-,r amt- for ccnv truc ting

analytical or SillmUlAtion rnvdels, mnore, detailed information has; to be obt aine-d by the

hardwanre rncnitor. In K.mnon, wjhen an event is detected, up to 9 words of informition

c-an be obta~ined. These are: address, data, proheis, miscella.ineous signals, clock value

and four words giving the number of times each of the four evenits has occured so far.

Morrover, two internal flags can be set or retet to facilitate detcting a !xequelicc of

events. K.nion thus acts like a filler which detects certiin intreresting cycles out of a

vast number Of UnilbuG cycles and then makes selected inputs a1vaila.ble. This

arrangement is necessary for experiments involving tracing of events. In a trace mode

the input information along with the time stamp and other information internal to the

ivonitor h3 tr antsfoerrd directIly to the output storage mediUM.

The Waterloo monitor has a hardware time stamp register which can record 12 bits

of 'environment' information plus 24 bit time when any of the 8 selected events

happnn. In addition it has a sequential event detector which can be programmed to

rrcopni~e a svquenct- of events, given as a regular cypression.

Tho- lesclata MS monitor employs a 'mapping' scheme of counters Which use-s 4
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Sotiltrrs 10 Count thle oc currences of the 4 possible c ombinal ions. of NMo inpu)t signAls

,automatically. Thif rcheme is u!sccl to derti-rmine the ovciilip 1 c.-en C1LtJ aind a

chantiel. The two iniput tsirnnls are 'CPU btmy' And 'Chan'nel t,y' isampled at a Certain

rate. 'rhe '1 couinte-rs then count the ccurrencces of both CP1J and Channel idle, only

CPU t'uy, Only c hannCl t)LISy anld bo0th CPU Mdc hannel buLSY.

It has 'been re orniied that quite a f(ew of the cxperinx-nts fall into the( c ategory Of

genertMing histog~rams. so sonic of the new montitors arc capable of gencratirig

*histoolramG in hardware. This reduces the amiount of data 'roing to Hte Rsup thereby

*removing the caus.e of a major bottleneck. The parameters.- of the histogramn like thle

uippet- and lower bounds are gencrally programmable fl-Om theC P.!.Lp. Another ft'aturC

that ( an be quite useCful in) ccrtain experiments is a dynamically read/writ able intrnal

revister. Such a register allows dynamic alteration of art on-going experiment in

response to inoming data. As, a response to anl event, this regiSter Can be loade-d

with the Current addtress or data values or the cloc), value. This register can

Si lnscqiientty be usedl in event detrction and it can al-;o l~v out put wyhen !.ome othter

event if; cetectecf. Thins register can be used for tracking relocatable pieces of c-ode

* and other measurements. If it is possible to store time difforences in this register, then

determining the maximum time difference between two events becomes easy.

Hughes[4UG1471) u!sed this technique to determine the maximum duration of thle

interrupt disabled mode in a system.

A.2.3 Dinplany of Information

This is another area where a lot of progress has been made since the carly

monitors. For a summary typc monitor, all that is really nccuss ary is to dinplay thle

conlcnis. of thle counters, preferably in decimal. For seocondl generition mnonitors,
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howc,.r, it is convenic nt to have A tape w or (11k .,toragc tinit and / or a pivip,.i ory

proC ,.,r for onv line di!;rlay. I.arly cotnlmrrli.l r rl nitl,.,; tl,ed til(,pe 1l0,', e ,rnd post-

pocc :;sing to gencrate reports. The dis3a va t a i. that C>:pvrimcnft fel up errors are

not drte(led until afte.-r the post-proce!,.'ing i,, done. Most modern nwontor" are

capable of generating ;ome real time display whilc also ..toring data for post-

pro( ( ,ifng.

Some tandard OuLput formats have evolved over time. The trend has been to

provide data in a pictorial format to make it ecn',y to cor,prvhmnd. lli;tograms are a

gOod cya-nptr of providing a vi:;ual representiition of a clistribid ion function. Gantt

profiles have been used to 5ummari;!e resource uliliation and ovcrlip ( -ee fioure

A.3). Anotlhcr tepr ..entlaltion of c,..ourre Wtnili;,ation i, prnvicied wilh a "'ivial graph'. It

in obtained y)), plotting equal number of 'good' and 'Lad' indicator! of pe rformvance on

alternate axes in a circle ( s-ee figure A.4). The Kiviat graph has a lot of visual appeal

beca,.se all the utilization data is available at a glance and the ;lhape of such a graph is

an indication of the 'goodness' of a computer system.

Since quite a few eyperiments use a histogram to display information, some

commercial monitors are equipped with special hardware to din.play histograms directly.

On the other hand, son monitors like the Remote Controlld Hardware Monitor at

Waterloo[MORG73] transfer information to a central computer over phone lines for

post -.proc c;sing. In sorne other experiments, information ir. gathered in a data base for

long term trend analysis.

[I
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A.3. Cornpar ;on of some Hardwre Monitors

A few of the old and new monitors are compared below. A fvw ominrrial monitors

(e.g. 501-4) art! no longer available and art? lhr reforv n101 dctcD. etilrd

iotormatioit (olild not be obtained regardincg the Univac 110 OS monitor and a (omt-mercial

monitor stipplicI by Computer Performanc~c ]nstrUmcntation, Inc, The monitors

discu,;s3t-'( arm Iied below in) approximate chronological order-

1. 7090 port able monitor 1t]I1 63)

2. Mnmory bLut; monitor [FRY[73)

3. rNurotron Monitor [ASC1471)

4. AOAMA [HU1.74]

5. Kmon [I'LJ.L73]

6. PCIA4 M ONG73]

7. Dytiaprobe 8018 tVYNA261

8. resdlata MS [TESD76]



Figure A..5 A Survey of Current Monitors
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AA4 Trends in tlie Hardware Monitor Devcloprncnt

Thle advantages of providing programmnable registers in the hardware mollifor over

the earlier manual plug, boards are obvious. With programmable registers, experiments

call be mtodified quickly if in error or if inc ori-iint data so reqtlilps. In fact, going one

stop furthcr, the hardware monitor or the host machine call be alowed to set certain

iJnteroial registers ( e.g. c omparators or hold registers). This fe'ature can be used to

keep track of a program which canl dynamnically move. in thle main metinory of the host.

Early in the development of hardware mionitors it was reali;!ed that it is much more

convcnicnt to use a minicomputer to perform somle of the logical and antlhmetic

functions rather Mhan designing thle hardware to do them. Moreover, thle minicomputer

can be used to store the data on secondary storage as well as c ommunicatinia with the

user. Depending on the rate of data gathering, the minicomputer can perform sortie

compaction and then display or print preliminary results while the experiment is still

going on.

If one is monitoring a processor on a chip, the input to the monitor is severly limited

to the bus coming out of the processor. Nonte of the internal s;tatus tbits are accessible.

In such cases, a self monitoring feature can be provided for microprogrammed

processors. Tile microcode can have hooks at interesting lices to enable one to insert

measurement microcode. Such a monitoring system has all the hardware data in the

processor available and by careful overlapping of operations it can be madfe to cause

less perturbation than a pure software monitor. This might be a way to measure

microprogrammed processors on a chip. The disadvantage is that the status bits in the

periphecral devices are not directly accessible.
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Thrre isr a di.tin(t trend in providing some procecssin, in'.t the hardware monitor.

1Ihe xamples ar hi,,togram generation or motment calul, tion. As more common

proc¢..sing requirements among, differ!nt experimint1r. are id;nlifiod, it will be

justifiable to put them directly in hardware. Similarly, as cormon display formats are

discocred, they will be put in hardware or will be supplied as standard set of

programs. Thcre las been some progress in (c1fining', a measurement languare. Such a

language will allow the users to specify the evcntls to be cletctled, Ihe information to

be gatherec when an event occurs and finally the formal in which the information if. to

be dir.played.
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Appe-ndix B: The Instruction Mix Exp:)rcrn-nt

Thi.; al)pencfix pr..,ents the outpul of the instruclion mix r,rimtnit in detail. Since

clhapter 4 identifies 'M'V' as the most frequently cY.cutd in,.tructlion, y' ptaent the

fractiois for the execution of the 'VOV' intruclion in cach of the ,.cgments. Similar

information can be obtained for any other instruction or addrcssing mode but we will

not report it here for brevity. It is interesting to observe the large variation in the

fractions for the MOV instruction. The fractions range from more than 0.5 in program I

in arva 5 to 0.0001 in program 4 in area 5. In fac.t, it can be seen that program 4 in

area 5 consistently oses fewer MOV instructions than any of the other programs. We

traced the rear-on for this, behavior to the fact that it is a hand-written program which

.pend,; mot of its timr- in a !;mall light containing very few 10OV instructions.

In chapter 4 we reported that the variance between se-gments is small compared .to

the cther two t;ources of variance. The data presented here clearly brings out this

fact for the MOV instruction.
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Fractionm, for the MOV in!truchion

APPLICATION AfEA 1: SCiLntific Fororan Benchmarks

Program
1 2 3 4 5

Segment u

1 .381 .317 .438 .343 .332
2 .393 .324 .469 .342 .324
3 .3.3 .320 .465 .329 .3148
4 .392 .318 .432 .369 .332
5 .389 .313 .166 .343 .328
6 .3;9 .320 .4110 .36 .318
7 .395 .323 .170 .315 .313
a ,387 .308 .467 .310 .325
9 .388 .322 .426 .332 .347

10 .391 .318 .469 .310 .356
11 .395 .321 .454 .358 .364
12 .385 .317 .451 .337 .361
13 .392 .322 .468 .338 .302
14 .3-6 .316 .439 .368 .346
15 .39j .327 .468 .341 .329
16 .389 .299 .466 .340 .335
17 .38S .317 .432 .333 .336
18 .391 .321 .461 .361 .316
19 .386 .317 .443 .346 .322
20 .390 .324 .462 .336 .349
21 .386 .323 .469 .355 .335
22 .391 .327 .422 .335 .316
23 .387 .329 .475 .336 .356
24 .393 .323 .468 .349 .335

------ [ . .. . . . i i --- "----... ..-------------------------------------------------
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A'PIL ICAl ION AP&EA 2: ui ness Cohoi i!nchroarks

1 2 3 4 5
Sccrrent is

1 .199 .306 .249 .247 .247
2 .169 .312 .256 .258 .258
3 .193 .302 .256 .223 .223
4 .152 .298 .275 .271 .271
5 .195 .302 .288 .219 .219
6 .200 .303 .247 .284 .284
7 .203 .29U .231 .248 .248
8 .250 .304 .189 .215 .215
9 .188 .303 .210 .275 .275

10 .221 .306 .239 .270 .270
11 .185 .332 .226 .196 .196
12 .188 .323 .250 .272 .272
13 .161 .248 .211 .289 .289
14 .194 .206 .229 .197 .197
15 .201 .216 .223 .249 .249
16 .194 .290 .212 .272 .272
17 .242 .265 .203 .233 .233
18 .214 .215 .225 .276 .276
19 .193 .252 .249 .288 .288
20 .211 .288 .253 .289 .289
21 .181 .274 .241 .294 .294
22 .190 .321 .249 .284 .284
23 .166 .305 .253 .289 .289
24 .193 .304 .259 .294 .294
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APPLICATION AREA 3: Operating Sy:;tecm
Proof~i #mt

2 3 4
Sc~rmc~it ft

1 .325 .313 .309 .306 .250
2 .310 .294 .324 .309 .256
3 .240 .278 .3)4 .307 .254
4 .295 .291 .323 .304 .258
5 .403 .329 .313 .309 .253
6 .306 .306 .313 .303 .249
7 .237 .305 .326 .313 .253
a .331 .313 .321 .294 .256
.9 .336 .302 .332 .294 .249

10 .236 .336 .3)5 .317 .256
11 .308 .312 .319 .311 .254
12 .323 .290 .319 .323 .25)
13 .337 .313 .329 .296 .255
14 .243 .281 .317 .308 .267
15 .330 .307 .332 .307 .259
16 .406 .285 .336 .315 .253
17 .296 .311 .3)9 .323 ,259
18 .249 .298 .306 .312 .254
19 .401 .319 .323 .305 .252
20 .335 .322 .312 .222 .252
21 .239 .306 .333 .308 .262
22 .313 .292 .323 .293 .257
23 .400 .313 .3J5 .294 .255
24 .311 .312 .323 .322 .236



APPLICATION AREA 4: sy tcml prori a
Program t

1 2 4 5
Segment tt

1 .281 .339 .323 .163 .383
2 .288 .338 .320 .197 .407
3 .273 .342 .318 .208 .398
4 .277 .343 .32J .231 .407
5 .281 .350 .318 .229 .405
6 .282 .331 .241 .187 .399
7 .284 .351 .205 .165 .400
8 .285 .351 .185 .160 .403
9 .279 .347 .131 .182 .390

10 .286 .347 .135 .)72 .395
11 .282 .314 .126 .202 .405
12 .289 .350 .321 .168 .412
13 .289 .352 .321 .175 .408
14 .277 .348 .320 .195 .406
15 .277 .350 .321 .210 .405
16 .275 .341 .322 .187 .412
17 .284 .341 .323 .184 .405
18 .282 .346 .313 .185 .394
19 .281 .344 .147 .194 .389
20 .279 .340 .206 .190 .381
21 .279 .348 .122 .183 .379
22 .284 .339 .138 .179 .386
23 .276 .330 .133 .187 .375
24 .277 .349 .271 .217 .406

-- -- -- I I- -- - -H I - - -- --Il l-- -- - -- -- - --.. ..--- - - -- -1-
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APPLICATION AREA 5: Real Time P.otlrani
Program a
2 3 4 5

Scraont #

S.470 .453 .354 .108 .403
2 .4(0 .450 .347 .166 .406
3 .462 .449 .361 .107 .406
4 .465 .454 .318 .140p-2 .398
5 .460 .448 .350 .450 --3 .403
5 .474 .147 .391 .250o-3 .392
7 .475 .447 .358 .000 .388
8 .474 .447 .338 .100-3 .383
9 .465 .452 .339 .500p-3 .386

10 .460 .453 .345 .239!n .. .3F5
11 .472 .41. .322 .38Il- 1 .375
12 .477 .457 .307 .416--1 .382
13 .459 .452 .345 .432D-1 .397
14 .490 .446 .385 .126 .402
15 .493 .443 .341 .129 .408
16 .487 .443 .363 .149 .399
17 .493 .450 .379 .129 .412
18 .43 .445 .357 .110 .410
19 .501 .449 .387 .138 .410
20 .499 .459 .356 .149 .405
21 .514 .454 .385 .140 .409
22 .512 .447 .361 .124 .401
23 .437 .453 .358 .458D-1 .395
24 .471 .453 .359 .137,m-1 .368

. . . .. ,- - - - - - - - --.. .. . . . . . . . ........ ..- - - - - - - - - - - - .-- - - -
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Appendix C: Cornpreh e-nsive Unibus Cycle Trace

In this appendix we present a sample oulput from our analysis program which

analy;es the Unibus cyole trace as dincused in ,ection 6.1.4. Because of the

bandwidth limitations of K.non, it is cifficult to collect a trace consisting of a large

number of cycles. In this example, we were able to collect only* about 20500 cycles

during 30 minutes. It should be noted that the data presented here has been obtained

for a single program and we cannot draw any general conclusions from this data. In

fact, this particular trace shows that only about 16 percent of the instructions were

MOV's whereas in chapter '1 we saw thai the OV instruction is executed on the

a',erage about 31 percent of the time.

Otce a Unibus cycle trace is collected for a large number of programs, it will be

possible to answer a variety of important design questions. The analysis presented

here is intended to give the reader an idea of the kind of analysis that can be done

with such a complete cycle trace.

II I I I I I I I I I I I I I..
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Total Unibum cy( let; in the tracc: 20520
Total cyclet. initiated by the )rocessor: 20520
Breakdown according to the kind of Unibufi (ycle:

read read- wrile write byte
patise

17844 552 1959 165

Total in,,tructions in the trace: 12184

The in;truction mix:

name 7 instr name 7 instr name 7 instr name 7 instr
mov 1 6.111 jsr 3.324 rls 2.594 crop 2.511
beq 3.792 add 3.037 rnovb .755 bic .230
jimp .213 sub 2.142 bne 2.487 tst 2.938
br 2.577 asl 6.566 dec 6.323 bpi .140
bitb .131 ble .50) inc: 1.182 cmpb .435
Or 2.421 b-e .197 bit 1.543 bis .066
fop .000 rtt .008 :., 1.42, bt 5.581
rol 4.037 sxt .000 f lot .000 bvc .000
lrb .542 sbcb .000 mfpd .000 bisl) 1.888

wait .008 nefg .295 asr 3.357 mul .000
.sob .000 bvs * .394 comb .000 tstb .386
mtpd .000 rti .041 adc 1.773 div .000
bcc 2.429 incb .074 rorb .033 unus .000
bpt .000 spl .000 sbh .886 mark .000
ash .000 bmi .057 bcs 3.940 decb .090
rolb .287 tot .016 coM .008 mfpi .000
ashc .000 bhi 1.362 emt .000 emt .000
emt .000 ernt .000 trap .000 trap .000
trap .000 trap .000 nesb .000 asrb .000
reset .000 condl .025 cond2 .000 cond3 .361
cond4 .000 bit .558 ror 7,855 mtpi .000
xor .000 blos .008 adclb .000 aslb .000
bicb .000

-------------------- -----------------------------------------------
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Mode register statistics for single operand instructions

mode Register number
number

0 1 2 3 4 5 6 7
0 1242 1007 263 3J7 630 652 0 0
1 33 2 0 7 0 3 65 0
2 0 0 0 0 0 0 70 0
3 0 0 0 0 0 0 88 24
4 0 0 0 0 0 0 103 0
5 0 0 0 0 0 0 0 0
6 10 20 9 120 0 3 66 560
7 0 0 1 0 0 0 75 0

Source mode and resister statistics for double operand instructions

mode Register number
number

0 1 2 3 4 5 6 7
0 280 175 581 294 107 94 29 0
1 2 30 27 19 57 43 6 7
2 0 0 0 0 0 3 423 404
3 0 0 0 0 0 3 0 64

4 0 0 0 0 0 0 3 0
5 0 0 0 0 0 0 0 0
6 16 52 10 0 1 5 372 383

7 0 0 0 0 0 0 21 4

Destination mode and register statistics for double operand instructions

mode Register number
number

0 1 2 3 4 5 6 7
0 648 515 289 170 222 116 16 1
1 9 16 69 57 42 67 132 0
2 0 0 0 0 0 0 10 201
3 0 0 0 0 0 0 0 49
4 6 0 0 0 0 0 454 0
5 0 1 0 0 0 0 0 0
6 13 2 7 1 0 1 144 233
7 0 0 0 0 1 0 6 0-- -------------------- ----------------i- -
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His;togram of number of Unfibtis cy(les per initruction

u OF SAMPLES 11854 MEAN 1.672 STD D[V. J.038

MINIMUM I MAXIMUM 8 Total 19318

RANGE COUNT

-inf TO 1] 7591 *******************
( 1 TO 2] 1735 ****
( 2 TO 3] 1530 ****
( 3 10 4] 848 **

( 4 TO 5] 131
(5 TO 6] 14
( 6TO 7] 4
(7 TO 8] 1
(810 9] 0
( 9TO 10] 0
(10 TO +inf 0

I.

---- --- --- ---- --- --- --- ---- --- --- --- ---- --- --- --- ---- --- --- ---



Histogram of the index values off stack pointor:

This information can be usdc to decide lhe ulility of providing a small field in every

instruction to specify the parameter number off the ,.tack pointer.

* OF SAMPLES 578MEAN 23.159 STO DEV. 172.455
MINIMUM 0 MAXIMUM 3072 Total 13386

RANGE COUNT

-inf 10 -16] 0
(-16 TO -15] 0
(-15 TO -14] 0
(-14 TO -13] 0
(-13 TO -12] 0
(-12 TO -11] 0
(-I 1 1 -10] 0
(-10 TO -9) 0

-9 TO -a] 0
(-8 To -7] 0
(-7 10 -6] 0
(-6 TO -51 0
(-5 TO -4] 0
(-4 TO -3] 0
(-3 TO -2] 0
(-2 TO -1] 0
(-ITO 0] 1
( 0 TO 1] 61
( 1 TO 2] 74
(2 TO 3] 0
( 3 10 4] 32
( TO 5] 0
( 5 10 6] 48
(6TO 7] 0
( 7 10 8] 47
(8TO 9] 0
( 9 TO 10] 91
(1o ro 11] 0
( 11 TO 12] 34
( 12 TO 13) 0
( 13 TO 14] 39
( 14 TO 15) 0
( 15 TO 163 28
( 16 TO inf 123
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Ilistogram of the immediate mode operands:

This information can be used to decide the utility of providing a small field in every

instruction to specify small immcdiate oporands.

ut OF SAMPLES 602MEAN 801.585 STD DEV. 5525.045
MINIMUM -32764 MAXIMUM 32768 Total 482554

RANGE COUNT

-inf TO -16) 45 **
(--16 TO -15] 0
(-15 TO -14] 0
(-14 TO -13) 0
(-13 TO -12] 0
(-12 TO -11] 0
(-11 TO -10] 0
(-10 TO -9] 0
(-9 TO -8] t0
(-8 TO -7] 1
(-7 TO -6] 0
(-6 TO -5] 1
(-5 TO -4] 3
(-4 TO -3] 1
(-3 TO -2] 3
(-2 TO -1] 0
(- TO 0] 0

SOTO 1] 57
(1 TO 2] 25 *

( 2TO 3] 2
( 3TO 4] 16
(410 5] 1
( TO 6] 1
( 6TO 7] 17
(7 TO 8] 9
( 8TO 9] 9
( 910 10] 7
( lOTO 11] 0
( i TO 12] 3
(12 TO 13] 0
(13 TO 14] 4
( 14 TO 15] 27 *
( 15 TO 16] 16
( 16 TO +inf 344

i
-' = .. ... . =-'- --. ... - - - - - - - --,_ - - --... .. ..- - -



Histogram of the index values off registers other than SP

# OF SAMPLES 1437 MEAN -3990.991 STO DEV. 10350.534
MINIMUM -32694 MAXIMUM 32722 Total -5591354

RANGE COUNT

-inf TO -16] 950
(-16 TO -15] 0
(-15 TO -14] 0
(-14 TO -13) 0
(-13 TO -12] 0
(-12 TO -11] 0
(-11 TO -10] 0
(-10 TO -9] 0
(-9 TO -8] 0
(-8 TO -7] 0
(-7 TO -6] 0
(-6 TO -5] 0
(-5 TO -4] 10
(-4 TO -3] 0
(-3 TO -2) 2
(-2 TO -1] 0
(-11'0 0) 0

(OTO 1] 0
(I TO 2] 18
(2 10 3] 0
(3 TO 4] 7
( 4TO 5] 14
(5 TO 6] 13
(6T0 7) 0
(7 TO 8] 5
(80 9] 0
( 910 10] 8
(0 TO 11] 0
(IlTO 12] 9
(12 TO 13] 2
( 131o 14] 1o
(14 TO 15] 0
(15T0 16] 1
(16 TO inf 388

---- --- ---- --- ---- --- ---- --- ---
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Appendix D: The Execution Profile for Hydra

The following is the execution profile of Hydra measur:d while executing a parallel

root finding program utilizing kernel semaphores for synchronization. The Hydra

kernel instructions were sampled at random using the hardware monitor. The changes

in the overlay code page were also monitored with the hardware monitor.

Relocation function Number of instructions
register

0 stack page 0
1 common data 82
2 overlay data 0
3 overlay data 0
4 overlay code 10810
5 common code 3987
6 local memory 2739
7 device registers 0

Total number of instructions sampled: 17643

The above table shows some instructions being executed out of a data page via

relocation register 1. This is not due to any error in the hardware monitor but Hydra

implementors found it convenient to execute sonic instructions from a page which

otherwise contains only common shared data. Hydra consists of about 50 pages of

instructions and data. By monitoring the changes in the relocation register 4, we were

able to identify which of the overlay code pages ( from page 7 through page 47 in the

following listing) was being accessed through that register. In the following listing,

routines that do not have any samples in them are suppressed. For the common code

page (page 6),however, all global routine names are printed.

Page number 6 Total Instructions: 3987
address routine number of samples

name
120000 CSUS.C 0
120006 ERRPRO 0
120232 HLNK.C 0
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120252 SLINK 363
120274 SEHYII 0
120354 SEHY01 0
120460 SEHYXT 0
120502 TTTC.C 0
120532 TTWRIT 0
120574 OLJICH 0
120632 SIXOUT 0
120674 MOVE 7
120732 MOVE16 1
120734 MOVE15 0
120736 MOVE14 0
120740 MOVE13 0
120742 MOVE12 0
120744 MOVEl1 0
120746 MOVE 10 1
120750 MOVE9 1
120754 MOVE7 I
120756 MOVE6 0
120760 MOVE5 I
120764 MOVE3 I
120766 MOVE2 I
120770 MOVEI 0
120772 MOVEO 7
121006 MOVE4 0
121030 MOVES 27
121062 PGCM.C 0
121074 STCM.C 0
121076 GETPAG 0
121124 RETPAG 0
121162 SETIADR 0
121266 GTSZl 0
121330 GTSZ2 0
121374 G'rYP1 3
121430 GTYP2 0
121460 IDLE.C 0
121462 IDLEDI 0
121502 IDLE 0
121740 IDLE.P 0
121770 LVEC.C 0
122010 LVEC.P 0
122046 FPCM.C 0
122156 OBJSHR 60
122250 OBJDEL 65
122410 COBJDE 1
122502 OBJADE %i
122562 OBJASH . 0
122646 FPSEM 2
122706 FVSEM 3
122766 FCSE4 0
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123026 FCMUT 42
123066 FPIvIUT 5
123126 FVMUT 72
123240 WItTOBJ 0
123304 FPCIHK 0
123322 WV'TTOT 0
123334 W'TACT 0
123346 iPoo 0
1 23350 [YPEMA 2
123534 St RTYP 0
123564 OOJTYP I
123626 FTYPE 0
123660 TYPINC 4
123722 TYPDEC 0
124014 ATYPOE 0
124106 WHYPE 0
124156 TYHS 0
.124160 DPART2 253
124270 DPAPTI 101
124412 RDPRT2 0
124526 RDPRT1 2
124564 DATA2M 33
125020 DATAIM 3
125064 RDATA2 1
125242 RDATA1 0
125306 XITEM2 17
125550 XiVri!mI 4
125614 IT[M2M 582
126000 ITEMIM 7
126044 WITEM2 0
126224 WITEMI 0
126270 DATAI.E 0
126370 ITEMLE 10
126556 MSCM.C 0
126560 FIRSTO 1
126630 DOC-IKS 0
126712 BADMEM 0
126724 ITCM.C 20
127032 TYPOBJ 0
127072 PROCOB 1
127132 LNSOBJ 0
127172 POLICY 2
127232 PRCSC-3 I
127272 PGOBJ 0
127332 SEMOIJ 80
127372 PSEMOB 0
127432 DATAOB 0
127472 PORTOB I
127532 DEVOBJ 0
127572 UNIVOB 0
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127632 EQTYPE 0
127730 EQREF 0
130042 FITYPE 0
130110 SITYPE 0
130122 FF'RT1 362
130240 FPRI 2 1
130352 ANRIRtS 0
130502 ORRTS 0
130562 k4OVRTS I
130666 RTSUST 0
130754 CIIRTSB 0
131046 CI4KRTS 1
131136 PASSIT 0
131172 MAKNUL 3
131212 SIIAPIT 25
131470 DLTITrk4 14
131650 SETMPL 0
131736 MKIT,4 0
132054 MAKII'M 0
132136 OBJC 0
132216 ITCM.P 0
132240 CDIT.C 0
132414 CALDEB 0
132442 CKMP.C I
132462 TSTLOC 0
132502 LOCK 315
132612 IP17 178
133004 BDLOK 0
133020 BDULOK 0
133034 UNLOCK 388
133106 PCBCUR 2
133136 PRCSID 218
133342 INCRIT 59
133356 DCRIT 146
133416 PMUTEX 6
133460 CONDiM 33
133552 VMUTEX 69
133642 P 39
133670 CONDP 32
133724 V 66
133772 CKMP.P 0
131106 Di.4NC.C 0
134110 TGSTOIJ 0
134130 SIGE.C 0
134134 SSIGNI I
134154 SENABL 184
134216 KI.61.C 0
134234 SIXO05 0
134354 KM6I.C 0
134710 KM6I.P 0
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134734 KCIAK.C 0
134736 CHKAOiR 43

135034 ASA7.C 0
135224 UAOR,C 4

.135250 CI4KUAD 2

135416 C-IJEBY 0

135546 USER 1M 2

135600 USER2M 0

135632 SETUDI 0

135650 UADR 2

136324 GETGNA 0
136414 REAOGC 0

Page number 7 Total ,.,ntruction.;: 52

100000 FPO[3.C 5

100406 GETAFP 1
101066 OBJCRE 22

102404 OBJDAT 6

104174 WHA'T DA 1
104362 STORDA 1

105006 COPYDA 1

110456 ACTPP 2

112220 PASOBJ 13

Page number 10 Total Instructions: 22

100002 GTPFPA 2
100720 GETPFP 7

104344 GETPPR 2

105016 FREEFP 3
106566 FREEGS 2

115024 TRIJENU 6

Page number 11 Total Instructions: 23
107754 KMIT.C 5
110524 STORPC I

111312 POLRCV 4

112106 SETPOL I

112772 PORVLN 10

113742 STOPCU 1

115202 PRCSIC 1

Page number 12 Total Instructions: 392

101126 CHKLST 305

102420 NGETCO 72

103676 NRETCO 15
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Page number 13 Total lIslructions: 5
110264 HASH 2
110452 HILINK 1
115414 INCFPA 1
116106 SUI3DPS 1

Page number 22 Total Instructions: 309
100000 10'1 N.C 293
103366 TRCKMP 16

Page number 23 Total Instructions: 781
100000 MKRN.C 722
104504 POLCY I
105502 RCVPOL 2
107270 RSTREG 2
112776 SKRN.C 54

Page number 24 Total Instructions: 841
100002 NXTLOC 2
101406 COMPAR 1
102234 GETDAT 1
102524 PUIDAT 1
105452 STORE 2
106062 LOAD 9
107530 DELETE 7
111220 CWLKC 199
112116 VAWALK 291
117020 PSEM 215
117400 VSEM 113

Page number 25 Total Instructions: 35
103452 START 2
105144 PSICON I
107356 LNS.C I
107636 MERGE 2
111574 SETUPL 22
113162 DOCALL I
114246 KRETUR 3
115236 TCALL 3

Page number 26 Total Intruc.tions: 93
100000 IOTK.C 3
100042 MAPHT 2
100072 UNIAAPH 6
100742 GETB I
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104036 ENQBEF 3
104172 DEQ 14
104320 QAPPEN 7
104442 CQAPPE 2
104736 QREMOV 14
107104 JOSENO I
110126 0010 9
110426 RGETOP 2
110634 RGETB3U 17
111650 RGETIN 4
116304 PRPRF1 8

Page number 30 Total lns;truc ions: 732
100000 IORP.C 337
104220 PRPRP 1 2
104710 UPRP 11 95
105336 IORP.P 298

Page number 31 Total Instructions: 343
100000 FEND.O I
100034 FEERCT 66
102174 FEND.C 54
103426 FEOIR 86
104320 FEDISC 6
104546 FEDOWN 2
105122 FEUP 10
105506 ASALC 1
106110 PRASA 1
107630 UPASA I
107766 ASAIO 13
112276 INTWIM I
112416 STIMP 70
113342 PRPIMP 2
113700 UPIMP 2
114272 GENIPI 26
114700 FASTSE I

Page number 34 Total Instructions: 114
100152 MSRV.C 46
104320 PACC.C 20
112076 MCREAT I
112374 MREA.C 20
112674 MREAD 1
113172 hVRI.C 16
113472 IVMRITE 1
113772 MSND.C 8
115400 MRSVP I
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Page number 35 Total Inflructions: 13
102366 MRPY.C 1
103140 MEPLY 1
104276 MRCV.C 7
105730 MWAIT 3
112310 VPOLSE 1

Page number 44 Total Jntructions: 7084
100000 KMPS.C 149
100034 DELINK 257
100144 ENQ 1021
100542 FNDPRC 144
100726 REQPRO 981
101152 HKG11H: 337
101306 GETSPA I'
101376 FREESP 2
101446 PRIWIN 7A
101470 AODTIM 76
101524 StJBTIM 81
102234 INIWAT 700
102642 SWCXT 249
103174 SWAPTO 340
103550 SELCTE 1009
103662 SELCTS 275
104024 IPSCHE 271
105244 RETI4IN 121
105414 INITSE 623
106564 SEND 1
106722 RECEIV 3
107254 CLOCK 61
110150 KMPA.C 1
110504 SENDST 3
111460 STARTP 20
112714 KSTOPC 1
113626 RESC14E I
114136 TIMSCH 1
115206 DELPRE 6
116270 PRSTRT 2
116362 PRDELP 2
116454 PRSEM 120
116714 PRPX 58
116762 PRVX 38
117034 PRCPX 55

Page number 45 Total Instructions: 6
140000 TRPS., 6
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Page numler 46 Total Instructions: 267
145000 LSUS.C 154
145222 MCLOCK 5
145264 IPCLOC 7
145300 MSCHIED 14
145352 IP14 32
145444 MIOT 55

Page number 47 Total Instructions: 2466
153000 I.MI).C 11 6
153176 DRTI.C 5
154160 MULD.C 18
154550 SAVR.C 548
154564 SSAV3 273
154602 SSAV4 191
154622 SSAV5 .1156
154770 SIX12 78
155462 XSIX12 81

Routine names in the order of decreasing samples:

This list is not normalized according to size of the routines so larger routines may

contain more samples even though they are not executed very often. Only routines

with more than 10 instruction samples are listed. Information presented here can be

used to decide which routines should be moved to the common code page ( accesses

via RR5) and which can be put in the overlay pages wilhout excessive cost.

Routines in the common code page are marked with *

Routines in the local memory are marked with L

Page num Address Rouline ( size )Numbor of samples
47 154622 L SSAV5 ( 28) 1156
44 100144 ENQ ( 254) 1021
44 103550 SELCTE ( 74) 1009
44 100726 REQPRO (148) 981
23 100000 MKRNC (2132) 722
44 102234 INIWAT ( 262) 700
44 105414 INITSE ( 450) 623
6 125614 * ITEM2M ( 116) 582
47 154550 L SAVR.C ( 12) 548
6 133034 * UNLOCK ( 42) 388
6 120252 * SLINK ( 18) 363
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6 130122 * FPRTI ( 78) 362
44 103174 SWAPTO ( 170) 340
44 10152 HIGHIF| ( 46) 337
30 100000 JORP.C (2006) 337
6 132502 *LOCK ( 72) 315

12 101126 CI4KLST ( 698) 305
30 105336 JORP.P (5409) 298
22 100000 JOTN.C ( 482) 293
24 112116 V4WALK ( 120) 291
44 103662 SELCTS ( 98) 275
47 154564 L $SAV3 ( 14) 273
44 104024 ]PSCI'E ( 572) 271
44 100034 DELINK ( 30) 257
6 124160* DPART2 ( 72) 253

44 102642 SWCXT ( 218) 249
6 133136 * PRCSID (132) 218

24 117020 PSEM (154) 215
24 111220 CWLK.C (446) 199
47 154602 L SSAV4 ( 16) 191
6 134154 * ,ENABL ( 34) 184
6 132612*1P17 ( 122) 178
46 145000 L LSUS.C ( 146) 154
44 100000 KMPS.C ( 28) 149

6 133356 * ONCRIT ( 32) 146
44 100542 FNDPRC (116) 144

44 105244 RETHIN (104) 121
44 116454 PRSEM (160) 120
47 153000 L LMID.C (126) 116
24 117400 VSEM ( 88) 113
6 124270* DPARTI ( 82) 101
30 104710 UI:RP11 (278) 95
31 103426 FEOJR (442) 86
47 155462 L XSIX12 ( 86) 81
44 101524 SUBTIM (328) 81
6 127332 * SEMOBJ ( 32) 80
47 154770 L SIX12 (264) 78
44 101470 ADUTIM ( 28) 76
44 101446 PRIWIN ( 18) 74
12 102420 NGETCO (686) 72
6 123126 * FVMUT ( 74) 72

31 112416 STIM4 (468) 70
6 133552 * VMUTEX ( 56) 69
31 100034 FEERCT (1120) 66
6 133724 *V ( 38) 66
6 122250 * OBJDEL ( 96) 65
44 107254 CLOCK (332) 61
6 122156 * OBJSHR ( 58) 60
6 133342 * INCRIT ( 12) 59

44 116714 PRPX ( 38) 58
46 145444 L MIOT ( 60) 55

" J



44 117034 PRCPX ( .12) 55
31 102174 FENI.C (666) 54
23 112776 SKRN.C ( 78) 54
34 100152 MSRV.C (994) 46
6 134736 * CHKADR ( 62) 43
6 123026 * FCMUT ( 32) 42
6 133642 * P ( 22) 39
44 116762 PRVX ( 42) 38
6 133460 * CONDPM ( 58) 33
6 124564 * DATA2M (156) 33

46 145352 L IP14 ( 58) 32
6 133670 * CONDP ( 28) 32
6 121030 *MOVES ( 26) 27

31 114272 GENIPI ( 208) 26
6 131212 *SIIAIT ( 174) 25

25 111574 SETUI.L ( 758) 22
7 101066 OBJCRE ( 614) 22
44 111460 STARTP ( 668) 20
34 112374 MREA.C ( 192) 20
34 104320 PACC.C ( 266) 20
6 126724 * ITCM.C ( 70) 20
47 154160 L MULD.C ( 164) 18
26 110634 RGET13U ( 524) 17
6 125306 * XITEM2 ( 162) 17

34 113172 MkWRI.C ( 192) 16
22 103366 TRCKMP (230) 16
12 103676 NRETCO (716) 15
46 145300 L MSCHED ( 42) 14
26 104736 QREMOV ( 82) 14
26 104172 DEQ ( 86) 14
.6 131470 DLTITM (112) 14
31 107766 ASAIO (1224) 13

7 112220 PASOJ (1516) 13
31 105122 FEUP (244) 10
11 112772 PORVLN (182) 10
6 126370 ITEMLE (118) 10
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Appendix E: RSX 11 -M Major Processing Functions Trace

In this appendix we present a short sample from the trace obtained for our study of

RSXI 1-M. It is intended to give the reader an idea of how a hardware monitor can be

used to gather a (omprehensive trace of the activities happening inside an operating

system. It should be noted that this trace was obtained while executing a simple

command typed at a terminal. It is very interesting to find that such a lot of activity

goes on in the operating system even to process a simple request from a terminal.

Event trace for RSXI1 M:

Time since Processor cycles Description of the event
the beginning since
(microsec) the beginning
4088913 121926 , Begin TTY input interrupt
4089247 122148 End interrupt service
4089538 1-22181 Begin T1Y output interrupt
4089765 122332 End interrupt service
4126177 123135 Begin TTY output interrupt
4126341 123246 Begin Sfork
4126371 123269 End interrupt service
4126457 123327 Begin TTY interrupt fork
4127068 123745 Begin TTY driver output
4127107 123769 End TTY output initiation
4127153 123800 Honor reschedule request
4127192 123825 Begin context switch
4127272 123881 >>>>>> Context switch to: LOADER
4127534 124058 End context switch
4127892 124303 Begin EMT processing
4128133 124464 8338SS EMT code: I QUEUE [/0
4128208 124513 Begin QIO processing
4128940 124989 Begin RP04 driver initiation
4129792 125551 **** Read on unit 0, word count - 2048,

cylinder movement of 3
4129797 125555 End RP04 driver processing
4129919 125635 Begin EMT processing
4130149 125789 SSSSMS EMT code: 41 Wait for single event flag
4130371 125925 Honor reschedule request
4130623 126021 Begin context switch
4130768 126077 >>>>>> Context switch to: LV4
4131144 126254 End context switch
4136291 126319 Begin RP04 interrupt processing
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4136326 126345 Begin Stork
4136357 126368 End interrupt service
4136443 126426 Begin RP04 fork processing
4136829 126679 RP04 request task reschedule
4136837 126685 Begin RP04 driver initiation
4136880 126709 End RP04 driver processing
4136922 126740 Honor reschedule request
4136990 126786 Begin context switch
4137070 126842 >>>>>> Context swilch to: LOADER
4137332 127019 End context switch
4139096 128193 Honor reschedule request
4139135 128218 Begin context switch
4139157 128233 >>>>>> Context switch to: Monitor Control Routine
4139420 128410 End context switch
4140080 128846 Begin EMT processing
4140309 129000 .S,8 EMT code: I QUEUE I/O
4140384 129049 Begin QIO processing
414J 197 129578 Begin RP04 driver initiation
4142166 130220 ****** Read on unit 0, word count = 932,

cylinder movement of 0
4142172 130224 End RP04 driver processing
4142426 130393 Begin EMT processing
4142656 130547 SSSSSS EMT code: 41 Wait for single event flag
4142865 130686 Honor reschedule request
4143010 130782 Begin context switch
4143090 130838 >>>>>> Context switch to: LV4
4143360 131015 End context switch
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Appendix F: The Device Utilization Experiment

This appendix presents the output of our device activity analysis program. The

hardware monitor was used to monitor all the 'wrile's into any of the device registers

on the PDP-11 Unibus. Even though only two units of a device were active during the

data collection, the program is capable of analysing the activities of all the units of all

the devices present on the host system. Sin(e PDP-1 architecture does not employ

channels for 1/0, there is no direct analogue for the quantity 'CPU and Channel Busy'

which is a very popular measure of component overlap in other systems. We have

defined another measure for POP-!i's which can be used to determine the overlap

between 1/0 activity and processor activity. We count the number of cycles initiated

by the processor from the time a disk is given an 1/0 command ('GO' bit is set in the

controller) until the completion interrupt is received from the device.

It should be noted that due to limitations in the output bandwidth of K.mon, we could

not get a continuous trace of device activity. Some small discrepancies are therefore

present in the data reported here e.g.for unit I of the disk the number of write check

transfers is larger than the number of write transfers. This probably arises because a

write operation was missed while the hardware monitor was recovering from an

overflow but the following write check operation was successfully traced.
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Total time of measurement :46630.576 millisec
Total cycles on the unibus: 4890778
Total processor cycles - 4351877
Total device cycles in actual transfers: 427176
Overlapped cycles between CPU and RPI 1: 431103

DISK ACTIVITY DISTRIBUTIO01 FOR RPI 1
Total nuinber of transfers =140

Un i t number
81 2

Disk Reads.
i4272 90112 8

Disk Writes....
480 142568 a

Disk Wr-ite checks....
488 143360 8



166

Disk arm movement histogram

OF SAMPLES 86 MEAN 49.744 STO DEV. 61.442
IlNIM1UMl 1 MAXII1UM 381 Total 4278

RANGE COUNT

-inf TO 8] 0
( TO 5] 26

( 5 TO 10] 8
( 10 TO 15] .2
( 15 TO 28] 4
( 20 10 261 4
( 25 TO 30] 6
( 30 10 35] 1
( 35 TO 48] 5
( 48 TO 45] 5
( 45 TO 58] 8
( 50 TO 55) 3
( SS TO 68] 2
( Go TO 65] 2
( GS TO 71] 8
(70 TO 75] 2
( 7S TO 80] 1
( 88 TO 8G] 0
( SS TO 90] 1
( 980 TO 95] 0
( 9S TO 100] 16
(100 TO 105] 8
(185 TO 110] 8
(118 TO 115] 1
(I11 TO 128] 8
(128 10 1251 0
(125 TO 138] 8
(130 10 13S] I
(13S TO 148] 0
(146 TO 145] 8
(145 TO 158 8
(158 TO 155) 8
(1SS TO 1361 0
(118 TO 1653 0
(165 TO 170] 8
(178 TO 175] 8
(175 TO 188] 0
(180 TO 185] 0
(185 TO 1981 1
(198 TO 1951
(195 TO 2003 8
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(20 OI 2051 0
(205 TO 21] 0
(210 TO 215] a
(215 TO 2201 (3
(223 10 225] 1
(225 TO 2301 0
(230 10 2351 @
(235 10 2481 
(24 TO 2451 1
(245 T0 250]
(2530 fO 255] 0
(255 TO 26 01 (
(260 TO 2651 0
(265 TO 271 0
(278 TO 2751 0
(275 TO 280] (
(290 lTO .'2 ,  8
(28,5 TO 2001 (
(28 TO 29G] 0
(29S 10 301 0

(300 TO 3051 (
(305 TO 310] 0
(310 TO 315] 0
(315 TO 3201 0
(320 TO 325] 0
(325 TO 330] " 0
(230 TO 3351 0
(335 TO 3401 0
(340 TO 3451 0
(345 TO 3508]
(350 TO 3551 0 (
(355 TO 36F3] @
(360 TO 365] (3
(365 TO 3701 0I
(370 TO 375] 8
(37 5 TO 388 0
(388 TO 3851 1
(38S TO 3301 0
(390 TO 395] 0
(335 TO 4001 0
(400 TO +inf 0
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Di .,k transfer t ime hi stograin ( mi IIi sec)

OF SAMPLES 148 MEAN 43.300 STO DEV. 18.103

MINI IUl 2 MAXIMUM G5 Total 6061.936

RANGE COUNT

-inf TO 0] 0
810 2] 0
2 10 4] 3

(4 TO G] 2
6 TO 8] 4
8 TO 10] 2

( 10 TO 12] 2
( 12 TO 14] 1
( 14 TO 11 3
( IG TO 181 S
(18 TO 20] 2
2 10 22] B

(22.10 24] 2
24 TO 2G] 9

(26 TO 28] 3
(28 TO 301 1
( 38 TO 32] 0
32 TO 34] 0

(34 TO 36] 0
3G TO 38] 0

(38 TO 40] 0
48 TO 42] 4

( 42 TO 44] s
44 "ro 46] 6
41 TO 481 8
48 TO 50] 12
58 TO 62] 7
52 TO 54] 6

( 54 TO 5G1 6
56 TO 58] 28 r

(58 TO GO] 2 *
I 60 TO 62] '
62 TO 64] 6
64 TO G6 6

(G6 TO G8] 0
( G8 TO 78] 8
( 70 TO 72] 0
( 72 TO 74] 8
( 74 TO 76) 8
( 76 TO 78] 8
( 78 TO 80] 0

' _A
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( 80 TO 8211 0
( 82 10 841 0
( 84 TO 861 0
( 86 TO 88] 0
( 88 TO 301 0
( 90 10 92] 0
( 92 TO 941 0
( 94 TO 96] 0
( 9G TO 98] 0
( 98 TO 100] 8
(100 TO +inf 0

-- - - -- - - - -- - - -- -- - -- - - -
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Disk word count histogram

OF SA(IIP.ES 140 MEAN 3051.257 STO DEV. 1G88,252

rIINII1UI1 25G fIAX4I1UAI 40OiG Total 427176

RANGE COUNT

-inf TO 0] 0
( o To 256] 0
(2S6 TO 5121 22
(L12 TO 7G8] 17
(768 TO 1024] 0
(1024 TO 1280] 0
(1280 TO 1536) 0
(1536 TO 17921 0
(1792 TO 2048) 0
(2048 TO 23043 0
(2304 TO 2560] 0
(2560 TO 2816] 0
(2816 TO 3072) 0
(3072 TO 3328] a
(3328 10 3584] 2
(3S84 TO 3840] 8
(3840 TO 4296] 2
(4096 TO +inf 101 ,


